Air Force Institute of Technology

AFIT Scholar
Theses and Dissertations

Student Graduate Works

3-24-2016

Design and Flight Test of A Weapons-cavity
Acoustics And Separation Test Bed
Zachary Probst

Follow this and additional works at: https://scholar.afit.edu/etd
Part of the Aerodynamics and Fluid Mechanics Commons
Recommended Citation
Probst, Zachary, "Design and Flight Test of A Weapons-cavity Acoustics And Separation Test Bed" (2016). Theses and Dissertations.
446.
https://scholar.afit.edu/etd/446

This Thesis is brought to you for free and open access by the Student Graduate Works at AFIT Scholar. It has been accepted for inclusion in Theses and
Dissertations by an authorized administrator of AFIT Scholar. For more information, please contact richard.mansfield@afit.edu.

Design and Flight Test Of
A Weapons-Cavity Acoustics
And Store Separation Test Bed
THESIS
Zachary Probst, Major, USAF
AFIT-ENY-MS-16-M-235

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY
Wright-Patterson Air Force Base, Ohio
DISTRIBUTION STATEMENT A
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

The views expressed in this document are those of the author and do not reflect the
official policy or position of the United States Air Force, the United States Department
of Defense or the United States Government. This material is declared a work of the
U.S. Government and is not subject to copyright protection in the United States.

AFIT-ENY-MS-16-M-235

DESIGN AND FLIGHT TEST OF A WEAPONS-CAVITY ACOUSTICS AND
STORE SEPARATION TEST BED

THESIS

Presented to the Faculty
Department of Aeronautical Engineering
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
in Partial Fulfillment of the Requirements for the
Degree of Master of Science in Aeronautical Engineering

Zachary Probst, BS, MS
Major, USAF

March 24, 2016

DISTRIBUTION STATEMENT A
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

AFIT-ENY-MS-16-M-235

DESIGN AND FLIGHT TEST OF A WEAPONS-CAVITY ACOUSTICS AND
STORE SEPARATION TEST BED
THESIS
Zachary Probst, BS, MS
Major, USAF
Committee Membership:
Dr. Mark F. Reeder, PhD (Chairman)
Dr. Donald L. Kunz, PhD (Member)
LtCol Jose R. Gutierrez, PhD (Member)

AFIT-ENY-MS-16-M-235

Abstract

Two very important, and often detrimental, phenomena can occur when an open
weapons bay, or more generally-a cavity, is exposed to high-velocity flow. First, a
shear layer develops over the cavity, leading to large regions of difficult-to-predict
flow. Second, dynamic pressure oscillations are generated within the cavity itself.
These two issues can combine to have multiple harmful e↵ects on weapons carriage
and employment. This provided motivation for flight tests which quantify forces and
moments on a store, mounted at various positions in the cavity, for a variety of flight
conditions. Specifically, a low-cost, easily reconfigurable test bed for weapons-cavity
research was needed by the store separation community.
This thesis presents the conceptual development, design, ground test, and flight
test of the Weapons-cavity Acoustics Store Separation Pod (WASSP). The WASSP
was a modified SUU-41 pod (suspended utility unit) instrumented to collect forces
and accelerations on a scaled model missile. In addition, time-resolved pressure and
qualitative flow field imaging were captured for the scaled cavity. This research
included seven test missions in the F-16 Fighting Falcon totaling 6.9 flight hours.
All flight testing occurred at Edwards Air Force Base from 8-15 September 2015.
Test points were flown at altitudes of 10,000, 15,000, 20,000, 25,000, and 29,000
feet pressure altitude and airspeeds of 0.60, 0.70, 0.80, 0.90, and 0.93 Mach. General
results showed the flow to be highly unsteady, with normal force and pitching moment
changing relative to Mach number, and the acoustic environment closely matching
predictions. Overall, the WASSP proved to be an excellent test bed for weaponscavity and store separation research.
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DESIGN AND FLIGHT TEST OF A WEAPONS-CAVITY ACOUSTICS AND
STORE SEPARATION TEST BED

I. Introduction

1.1

Background
Victory in aerial combat has always been greatly dependent on technological ad-

vances in both aircraft and weapons design. Fighter aircraft are conceived and designed to employ weapons easily and e↵ectively in a global threat environment that
continues to become more robust. With such capabilities as super cruise and stealth
becoming hard requirements for new tactical aircraft designs, all recent fighters and
bombers have been developed with internal weapons storage in order to reduce drag
and minimize radar cross-section [12]. Additionally, advancements in weapons design
have led to smaller, more-precise weapons becoming the norm across the combat air
forces (CAF). These “smart” weapons are being driven to smaller sizes and nontraditional shapes in order to meet ever growing tactical requirements [12].
This new trend of combining internal weapons-cavities with small, nontraditional
stores presents multiple design concerns during both development and employment.
Flow over a cavity has been a phenomenon of interest for over 60 years in the aerodynamic field, and further study and experimentation is needed now as much as ever
[22]. Two very important, and often detrimental, phenomena occur when an open
cavity is exposed to high-velocity flow. The first phenomenon is that a shear layer
develops over the cavity, creating large regions of unsteady flow in and around the
cavity [9]. The second phenomenon is the development of concomitant dynamic pres-
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sure oscillations in the weapons-cavity itself [9]. These two issues can combine to
have multiple detrimental and potentially dangerous e↵ects. The first of these e↵ects
is high dynamic-pressure loading of the internally carried stores and cavity structure
[33]. Over time, this cyclical loading can result in structural fatigue and failure of
the stores or the aircraft. This problem is only exacerbated by the development of
smaller, lighter stores. The second e↵ect of flow over a weapons cavity is unsteady
aerodynamic forces on the weapons, making safe, consistent store separation a major
concern. Several concepts have been proposed to alleviate this concern, such as active control of the flow within the cavity, but at present no practical answer has been
perfected.
Not only is unsteady flow an issue for new aircraft design, but this phenomenon
also presents difficulties for flight clearance of new stores in existing tactical aircraft
weapons-cavities. Many of the store separation prediction models used over the last
two decades have simply assumed “quasi-steady” flow for initial flight clearance [4].
This assumption is not entirely accurate and, according to Cenko et al., passes an
unnecessary risk on to the actual flight test team and crews [4]. The ability to quickly
and accurately predict store separation trajectories is in great demand by the United
States Air Force (USAF) and their fellow Department of Defense (DoD) members.
Unsteady flow over a cavity has been a major area of research for over six decades
and, while the aeronautical community has a much better understanding today than
ever before, more research is still needed [3]. Many wind tunnel tests on this subject
have been performed and resulted in moderately accurate empirical predictions of the
flow characteristics [3]. Active control, the purposeful altering of the flow to attenuate
tones and minimize unsteadiness, has proven to be successful in many cases, but full
closed-loop control theory is far from complete [33]. Actual flight tests on this topic,
though relatively successful, have been minimal. In regards to actual flight test, Dr.
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Ronald Deslandes states “there is no alternative providing more data for engineering
analysis [4].” Therefore, additional flight tests that specifically look to quantify forces
and moments on a store mounted at various positions in a cavity for a variety of flight
conditions are highly desirable. Additionally, a low-cost flight test bed for further
weapons-cavity research would be invaluable to the store separation community.

1.2

Research Scope
The scope of this research was to expand the available data derived from actual

flight test in this field by developing and testing an instrumented, robust model of
a weapons bay for use in flight test. This test bed will then be available to provide
future low-cost, repeatable weapons-cavity flight test. The research captured singleaxis loads and moments on a scaled store inside of a weapons cavity while sampling
structural dynamics with an accelerometer. Furthermore, cavity tones were quantified
using pressure transducers, and cameras were used to track motion of the store and
flow visualization tufts. This data was then reduced and analyzed in an attempt
to derive further correlations between flight conditions and weapons-cavity acoustic
e↵ects.

1.3

Research Objectives
This research had four main objectives:
• Design and build test bed capable of capturing desired data, specifically:
– Acoustic pressure within weapons-cavity
– Loads, accelerations, and moments on scaled missile within weapons-cavity
– Qualitative imaging of flow within weapons-cavity
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• Validate the pod throughout a useful flight envelope.
• Successfully collect desired data.
• Reduce and analyze data, validating pod’s functionality as a test bed and obtaining new correlations where possible.

1.4

Assumptions and Limitations
The Air Force Seek Eagle Office (AFSEO) issued a restricted flight envelope clear-

ance for WASSP on the wing of an F-16. This envelope consisted of 0-30,000 feet
pressure altitude (PA), 0-3 g loading, and maximum velocity of 550 knots calibrated
airspeed (KCAS) or 0.95 Mach. Thus, all testing occurred within the limitations of
this clearance. This envelope was cleared by analysis to previous flight clearances
of similar nature. One reason for this set of limitations was the difficult-to-predict
nature of cavity flows. While further testing in the transonic and supersonic regimes
is of great interest and may take place in future studies, the envelope tested provided
ample results to meet the objectives of the test.
A second limitation present was F-16 aircraft availability. Seven primary test
missions and two back up sorties were originally allocated for this test program. Due
to constrained resources among the Edwards F-16 fleet however, only seven total
sorties were flown, with no back up flights scheduled. Qualitative data for one entire
sortie was lost due to loose fasteners inside the cavity, as discussed later. A second
sortie was drastically cut short due to an F-16 emergency that forced an early return to
base and termination of the test events. Therefore, five test sorties were accomplished
with complete data sets.
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II. Literature Review

2.1

Conceptual Understanding
Open Flow.
Air flow over a cavity leads to a complex process that has been studied for over 60

years. Recent trends in weapons design have favored smaller munitions with less inherent stability [14]. Additionally, growth of the global threat environment has forced
internal weapons storage to become the standard in new aircraft design and tactical
employment in order to enhance stealth characteristics [14]. The combination of these
two trends means that a complete understanding of weapons-cavities aerodynamics
is more important now than ever before. A low-cost, reconfigureable weapons-cavity
flight test bed is highly desired by the store separation community. But before more
research can be accomplished, a thorough conceptual understanding of the issues at
hand is required.
Studies have shown two types of flow can exist in a weapons-cavity. The first type
of flow is referred to as “closed flow” and occurs in cavities with a length-to-depth
ratio, or L/D, greater than or equal to 13 [32]. Closed cavity flow is characterized
by flow that separates at the forward face of the cavity, reattaches at some midpoint along the cavity floor, and then separates again before reaching the rear cavity
face [32]. These long, shallow cavities have been used in the past on large tactical
bombers such as the Avro Lancaster, the Boeing B-52 Stratofortress, and the Convair
B-36 Peacemaker. Closed cavity flow produces a static-pressure distribution which
consists of low pressure in the forward region, relatively constant pressure in the
middle region, and high pressure area in the aft region [32]. The most important
aspect of these long, shallow weapons-cavities is that prominent acoustic tones do
not occur in closed cavity flow [32]. “Open cavity” flow, on the other hand, occurs in
5

relatively deep weapons-cavities, traditionally defined as having a L/D less than or
equal to 10, and this type of flow is characterized by strong acoustic resonance.
Anytime a deep, open cavity is exposed to a moving air stream, a complex feedback
process induces large-amplitude, self-sustaining oscillations of velocity, density, and
pressure in and around the cavity [16]. This condition is referred to as open flow [16].
This unsteady flow produces two important flow phenomena that must be thoroughly
understood. The first is the development of a shear layer between the fast-moving
free stream flow outside of the cavity and the stagnant flow inside of the cavity [9].
The second phenomenon is that an environment of concomitant fluctuating pressure
is developed inside of the cavity [9]. Tracy and Plentovich maintain that open-cavity
flow, characterized by the two phenomena listed above, generally occurs in weaponscavities with a L/D of 10 or less [32]. This corresponds with the range of most current
operational weapons bays. Often times, the aforementioned oscillations in pressure
are powerful enough to result in structural vibrations of internally carried stores or
even the cavity structure itself [16]. Over time, these vibrations cause fatigue of
materials and can result in failure of the weapons to work as designed, or worse,
structural failure of the weapons while still in the weapons bay [16].
From a conceptual standpoint, Figure 1 depicts the unsteady flow e↵ects present
in cavity flow. A boundary layer is attached to the aircraft skin just upstream of
the cavity, but the flow then develops a strong shear layer as the high-velocity free
stream flow interacts with the stagnant flow inside of the cavity [9]. This shear layer
emanates from the leading edge of the cavity and forms a turbulent, unsteady wave
traveling downstream the length of the cavity [4]. As the shear layer reaches the rear
of the cavity, it reattaches to the surface and again forms into a boundary layer on the
aircraft skin behind the cavity [4]. Unfortunately, due to time-varying interaction of
the shear layer with the rear wall of the cavity, a reflected pressure wave is sent back
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upstream through the cavity [32]. This unsteady wave, traveling back through the
cavity, interacts with the instabilities of the shear layer and results in strong acoustic
resonance [4][32]. Even though weapons bays are generally shaped far di↵erent from
a rectangular prism, the characteristics of the flow are similar.

Figure 1. Graphical Representation of Unsteady Flow Phenomenon [3]

Self-sustaining oscillations can be broken into three major groups: fluid-elastic oscillations, fluid-resonant oscillations, and fluid-dynamic oscillations [22]. Fluid-elastic
oscillations occur when the surface of a solid boundary is vibrating and induces oscillations into the fluid which it contains [22]. Fluid-resonant oscillations occur when
resonant waves are somehow induced into the flow by an outside source [22]. While
not the main focus of this research, fluid-resonant oscillations do come in to play
and will be covered later in the chapter. Lastly, fluid-dynamic oscillations arise from
inherent instability in a flow [22]. This third type of oscillation, fluid-dynamic, is
exactly what occurs in the scenario in question as the inherent stability of the shear
layer is magnified by the impinging resonant wave traveling back upstream.
7

Rockwell and Naudasher assert that fluid-dynamic oscillations often occur in a
cavity when the ratio of cavity length to acoustic wave-length is relatively small [22].
The primary mechanism of this oscillatory excitation is the amplification of unstable
disturbances in the shear layer flowing over the cavity [22]. These oscillations are
greatly magnified by the presence of a downstream cavity edge which reflects a wave
back upstream [22]. Thus, only two conditions are required for fluid-dynamic oscillations to be developed. The first condition is that selective amplification of shear
layer instability must occur [22]. The second condition is that an e↵ective feedback
mechanism must be in place to propagate disturbances back upstream [22]. Unfortunately for both aircraft designers and stores separation specialists, most current
weapons-cavities meet both of these criteria and thus, fluid-dynamic oscillations are
a major concern in both fields. While the source of the problem is understood, more
research is required on the essential dynamics between the cavity and the shear layer
to facilitate more e↵ective means of predicting and minimizing broadband pressure
levels in the weapons bay [33].
E↵ects.
There are three major e↵ects caused by the unsteady flow of a weapons-cavity that
are cause for concern [33]. The first e↵ect is radiated noise away from the aircraft
[33]. Although passenger comfort is not a concern in tactical aircraft, this loud noise
signature is detrimental to an aircraft’s ability to remain unobserved in a tactical
environment. The second e↵ect caused by the unsteadiness of weapons-cavity flow
is the presence of high dynamic-pressure loads, which can lead to structural damage
to the stores or the aircraft [33]. Fluctuating pressures apply cyclic loads to the
stores and fatigue damage to smaller, exposed parts such as fins and seekers has been
observed [4]. Lastly, unsteady flow in a weapons-cavity has been proven to adversely
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a↵ect safe stores separation from the host aircraft [33]. As Dr. Mike Stanek points
out, this unsteadiness can lead to dramatic departure, or bifurcation, of a store’s
trajectory, creating sub-optimal release conditions and possibly inducing an impact
between the store and the releasing aircraft [4].
As detailed above, the interactions of an unsteady shear layer with the reflected
pressure waves are inherent to flow over a cavity and can cause fluctuating pressure
in a weapons bay. The fluctuating pressure acts on exposed surfaces of internally
carried stores, leading to unsteady aerodynamic loads and cyclical acoustic loads [9].
This cyclic loading has been measured well in excess of 160 dB, easily enough load to
damage stores [3]. This is especially true of stores with small inertial mass relative
to the acoustic loads [26]. Most weapons of the past have been cylindrical in design
with thick, rugged control surfaces [14]. Therefore, these weapons had large inertial
mass in relation to the acoustic loads and their control surfaces could withstand a
much higher dynamic load before fatigue failure became an issue. On the other hand,
in an e↵ort to meet emerging tactical needs, current weapon designers continue to
migrate towards smaller weapons with non-traditional shapes and more moving parts,
such as extendable wings, highly-movable guidance fins, and agile seekers. As this
move to smaller weapons and less traditional store shapes occurs, structural fatigue is
becoming a major concern [3]. Video footage of AIM-9 missiles (air intercept missile)
being captive carried inside a Royal Australian Air Force (RAAF) F-111 weapons
bay was captured during flight test and shows extreme oscillatory deformation of
the missiles’ fins [11]. It is reasonable to assume that extended exposure to these
conditions could result in store damage or failure [11].
The other major area for concern is the e↵ect on store separation caused by unsteady aerodynamic forces present on a store in a weapons-cavity. The most dramatic
example of the phenomenon is pitch bifurcation, where the store’s initial pitch at re-
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lease is highly time-dependent due to oscillating forces on the store itself [4]. Figure
2 graphically depicts this issue. As can be seen, the normal force applied to the store
is oscillating between into and out of the cavity, and thus, depending on exact release
time, the forces and moments on the store will di↵erentiate with time [4]. When the
mass and inertial characteristics of a store are large in relation to the aerodynamic
forces at play, store trajectory is normally steady and ballistic [4]. On the other hand,
as a store’s mass is reduced, these aerodynamic loads become larger in relation and
can begin to a↵ect the store’s trajectory [4].

Figure 2. Pitch Bifurcation of a Store [4]

The window of concern for store trajectory is approximately 0.5 seconds after release
[14]. This short time period corresponds with approximately 10 to 15 feet of vertical
travel for an average sized store but clearly determines whether safe separation of the
store is achieved [14]. Two major problems can arise from pitch bifurcation. The
first, and worst case scenario, is that the store could pitch up and strike the aircraft
upon release. This has happened in the past during both wind tunnel tests and realworld weapons release [14]. Needless to say, store departure is very dangerous and
10

could result in the loss of a multi-million dollar aircraft and crew or, at a minimum,
significant damage to the store or aircraft. The second problem occurs when a store
safely separates from the aircraft but falls at a less than optimal trajectory, such as
pitched too nose up or too nose low. This will not only change the aerodynamic
characteristics of the weapon, thus rendering ballistic range estimations inaccurate,
but can also prevent the weapon from functioning as designed. Examples of this
undesirable outcome include striking the target at an improper impact angle for
desired weapons e↵ects, failing to acquire satellite guidance due to reduced time of
flight, and failing to acquire laser guidance due to seeker masking. Johnson, Stanek,
and Grove conclude that pitch bifurcation is present and clearly caused by trajectory
sensitivity to unsteadiness in flow [14].
Mathematics.
J. E. Rossiter was a pioneer in the study of aerodynamic flow over cavities and,
despite the fact that his research was conducted over 50 years ago, remains important
to the field today. A rectangular cavity was instrumented and placed in a wind
tunnel where measurements were recorded of both the time-averaged pressures and
the unsteady pressures acting on the cavity [23]. Rossiter soon realized that the
unsteady pressures present displayed both periodic and random components [23].
These random components were highest in magnitude at the rear wall of the cavity and
most prevalent on cavities with a L/D of approximately 4 [23]. The magnitude of these
unsteady pressures was directly proportional to the free-stream kinetic pressure, and
the frequency scale was proportional to free-stream velocity [23]. Rossiter concluded
that the actual flow conditions were so unsteady that time averaged measurements
gave little insight into the actual features that could be observed in the flow at any
given time [23].
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From this data, Rossiter was able to develop an empirical formula, given in Equation (1), to predict the acoustic frequency from known flight conditions [23]. Here, f
is the predicted acoustic frequency, U is the free-stream velocity, L is the length of the
cavity, and M is the free-stream Mach number. Additionally, m corresponds with the
modal frequency (1st, 2nd, 3rd, etc.) and k and

are constants. Per AEDC-TR-99-4,

the publication governing USAF weapons-cavity development, k is a constant equal
to 0.57 and

is a variable equal to 0.062 * L/D [8].

f=

U m
L ( k1 + M )

m = 1, 2, 3...

(1)

Rossiter’s equation for prediction of acoustic modal frequencies has proven to be
fairly accurate for free-stream Mach numbers of up to 1.2, especially when examining
deep cavities with a L/D of roughly 4.0 to 4.5 [9]. Not surprisingly, research has
proven Rossiter’s straightforward equation to have some limitations. For free-stream
Mach numbers above 1.2, Equation (1) tends to under predict the frequencies [9].
Additionally, while Rossiter’s equation is generally very accurate at predicting frequency for modes one and two, it fails to maintain this accuracy for modes four and
higher [9]. Several researchers have attempted to modify Rossiter’s equation slightly
to better fit their research results with moderate success.
Shaw, Clark, and Talmadge adopted Equation (2), which they called the Modified
Rossiter Equation [26]. This modified version of the equation was derived from both
wind tunnel test data and actual flight test data during their research [26]. Here,
fm is the acoustic frequency, M is the free-stream Mach number, c is the local speed
of sound, and L is the length of the cavity [26]. Again, m is the frequency mode
number and ↵ is a constant which varies in accordance with the ratio L/D [26].
While Equation (2) certainly has a better curve fit to the acquired data, it agrees
with Equation (1) within a few percent for almost all regimes of flight. More will be
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discussed on this research later, but the similarities between the work of Shaw, Clark,
and Talmadge and this study are prevalent. These include using the same pod as a
test bed, using a L/D of 4.0, and flying at transonic speeds on a modern day fighter
test aircraft.

fm =

M ⇤c
(m
L

↵) /

M
(1 + .2 M 2 ).5 + 1.57

m = 1, 2, 3...

(2)

Unfortunately, a method to predict the amplitude of acoustic tones within a
weapons-cavity has not been as well developed as Rossiter’s equation. In 1990, Dix
and Butler proposed that the amplitude of a tone could be expressed as a static
pressure coefficient but they were unable to develop an exact equation [9]. Instead,
they assert that acoustic amplitude can be predicted as a function of several variables,
given in Equation (3) [9]. Here, L, W , and H are cavity dimensions, ✓ is displacement
thickness of the approaching boundary layer, C1 is the free-stream speed of sound, t
is time, x̄ is the axial length from the leading edge of the cavity, and

is the ratio of

specific heats [9]. So, as can be seen, the acoustic amplitude in a weapons-cavity is
a function of cavity dimensions, flight parameters, and boundary layer thickness; all
measurable and predictable parameters.

cp = cp (

t ⇤ C1 x̄ L W
✓
, , , , M1 , , )
L
L H H
H

(3)

More recently, Cain, Bower, McCoker, and Romer were able to use a newly developed method, referred to as proper orthogonal decomposition (POD), to predict
the amplitude of acoustics in a weapons-cavity [1]. This method involves breaking
down the analysis into four major components and utilizing cavity acoustics modeling
software (CAMS) [1]. The first major component is calculating exponential growth
of Kelvin-Helmholtz inflectional instability modes in the shear layer [1]. By doing so,
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the authors were able to predict the growth of the shear layer over time and employ
this prediction in their computations. The second major component is analysis of
the interaction between the shear layer and the rear wall of the cavity using computational fluid dynamic (CFD) models [1]. While fairly accurate, this process is
very time consuming and has yet to be perfected to complete accuracy [1, 21]. The
third major component is analysis of the upstream propagation of reflected pressure
waves [1]. These waves scatter after coming into contact with the front wall and
create a broad spectrum of wavelengths [1]. Lastly, the fourth major component is
predicting the path of each reflection and the respective e↵ects due to coupling with
downstream traveling instability waves [1]. While CAMS is promising, it is not an
exact solution yet, and further data in the field would be extremely useful to the
weapons community.
Flow Control.
Thus far, a review of the available literature has clearly shown flow-induced cavity
resonance to be present and generally predictable, but it has yet to relay the methods
by which it might be controlled. In reality though, research into flow control has
grown in popularity over the last two decades and ground-breaking discovery in the
field occurs quite frequently. Flow control can be categorized as seen in Figure 3
[3]. Passive control involves implementing some sort of geometric modification to
the weapons-cavity to attenuate the acoustic resonance [3]. Some examples of passive
control are fences or spoilers attached to the leading edge of the cavity, ramps inserted
near the rear of the cavity, or changes to the shape of the cavity [3]. These passive
control mechanisms alter the shape of the shear layer by pushing it further away from
the cavity in order to shift the reattachment point further aft, thus minimizing the
intensity of the reflected pressure waves from the rear cavity wall [3]. Fences and
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spoilers are the most common form of passive control, and are found on most current
USAF tactical aircraft such as the F-22, B-2, and B-1 [3].
Despite being e↵ective, spoilers also have several severe drawbacks. Because passive control usually involves geometric modification of the weapons-cavity, the control
mechanism must be optimized for a single design point [4]. This single design point
mentality often results in a relatively small window of e↵ectiveness for the spoiler,
drastically reducing the tactical release envelope of the aircraft [4]. In several cases,
wind tunnel tests have shown that in a release greatly “o↵-design”, a spoiler can actually have unintended e↵ects on cavity acoustics, causing stronger tones and negatively
altering weapons employment [3].
Active control consists of any method designed to provide external energy, either
mechanical or electrical, to the flow in an e↵ort to alter the flow and attenuate cavity
resonance [3]. This type of control works in an identical manner to that of passive
control in the sense that its goal is still to e↵ectively alter the flow in order to attenuate
the acoustic resonance [3]. The di↵erence is that the flow is altered by some sort
of mechanism that provides additional energy to the system [3]. While there have
been several mechanisms developed to provide active control, the most common are
mechanical flaps deflecting into the free-stream, piezo-electrically operated surfaces
deflecting into the free-stream, and high-pressure air being blown into the free-stream
[3]. As Figure 3 shows, active flow control can be further broken down into the
categories of open-loop control and closed-loop control. Open-loop control simply
implies that active control is utilized without any feedback to its e↵ect, while closedloop control implies that some feedback system is in place to include data from one
or more flow sensors in the control algorithm [3].

15

Figure 3. Classification of flow control [4]

2.2

Past Research
Wind Tunnel Tests.
The phenomena of airflow over a cavity has been studied extensively through wind-

tunnel testing. As mentioned earlier, Rossiter was one of the early pioneers of cavity
research in a wind tunnel, and his research team was able to develop his empirical
formula for prediction of acoustic frequency given in Equation (1) [23]. Since then,
countless researchers have turned their attention to the wind tunnel to analyze this
problem. The following experiments only represent a few of those available but are
most pertinent to the research of this thesis.
Rectangular Cavities.
In 1996, Tracy and Plentovich published the results of extensive wind-tunnel testing on rectangular cavities, conducted in both subsonic and transonic flow, using the
Langely 8-ft Transonic Wind Tunnel (TWT) [32]. Using an adjustable model designed
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to vary L/D, Tracy and Plentovich tested various cavity dimensions with L/D ranging
from 1.0 to 17.5 [32]. The resulting data clearly showed that as L/D increased, the
flow in the cavity changed from resonant to non-resonant, again proving the concept
of open flow versus closed flow [32]. Free-stream Mach number was slowly increased
from 0.20 up to 0.95, corresponding to a Reynolds number per foot of approximately
3x106 , while unsteady and mean-static pressure measurements were taken throughout the cavity using dynamic pressure transducers flush-mounted to the cavity walls
[32]. Additionally, the boundary layer approaching the cavity was measured at 0.5
inches thick and found to be turbulent prior to reaching the leading edge of the cavity
[32]. While in the open flow region, resonances tapered as free-stream Mach number was increased, and experimentally found modal frequencies were consistent with
predictions from Rossiter’s equation [32].
Tracy and Plentovich defined the edge of the boundary layer as the height above
the surface at which the local velocity, U , was 99% of the free-stream velocity, U1
[32]. Using Equation (4), where M is the local Mach number and M1 is the freestream Mach number, they were able to calculate and locate the edge of the boundary
layer [32]. The dynamic pressure transducers used had a full scale range of 5 psid
and a resonant frequency of 85 KHz, making them more than sufficient to capture
all predicted Rossiter tones [32]. Data was recorded on analog tape, which was
frequency modulated, using a wide-band format and a tape speed of 7.5 in/second
[32]. Calibration was performed using a sine wave calibrator (150 dB @ 1KHz) on all
pressure transducers between each experiment [32].
U
M
=
U1
M1

s

2
1 + 0.2 M1
1 + 0.2 M 2

(4)

Since both steady- and unsteady-pressure measurements were being analyzed, two
di↵erent equations were utilized to reduce and present pressure measurements. The
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first equation, given in Equation (5), is sound pressure level (SPL), a measure of
steady acoustic pressure customary in acoustics, and uses the threshold of hearing as
a reference pressure [32]. The second equation, given in Equation (6), is fluctuating
pressure level (FPL), a measure of unsteady acoustic pressure which is normalized by
0
q1 , the free-stream dynamic pressure [32]. In both equations, Prms
is the root-mean

square of the measured unsteady pressure [32]. As a technique, SPL was plotted as a
L
function of frequency and FPL was plotted as a function of reduced frequency (f
),
U1
allowing identification of Rossiter frequencies and negating the e↵ects of dynamic
pressure [32]. In addition to further solidifying past research on open flow versus
closed flow and the Rossiter equation’s ability to accurately predict tonal frequencies,
Tracy and Plentovich also determined that both static-pressure and unsteady-pressure
distributions were very sensitive to free-stream Mach number and cavity dimensions
[32].
0
Prms
)
2.9x10 9 psi

(5)

0
Prms
2.9x10 9 psi
) = SP L + 20 ⇤ log(
)
q1
q1

(6)

SP L = 20 ⇤ log(

F P L = 20 ⇤ log(

In 1988, Ukeily et al. conducted experiments at two separate wind-tunnel facilities
to test leading edge devices designed to suppress cavity oscillations [33]. But in
preparation for their suppression trials, they obtained a substantial amount of data
on “baseline” rectangular cavities which is pertinent to the research of this thesis [33].
The first study was conducted in the University of Mississippi’s National Center for
Physical Acoustics (NCPA) Anechoic Jet Lab and tested two rectangular cavities at
Mach numbers of 0.6, 0.75, and 0.8 [33]. These Mach numbers corresponded with
Reynolds numbers ranging from 3.35x106 to 4.57x106 . The two cavities were the
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same width (14.22 in) and depth (7.11 in), but di↵ered in length between 39.62 in
and 63.5 in, giving each cavity a L/D of 5.6 and 9.0, respectively [33]. Four Kulite
XCW-093-5D dynamic pressure transducers were flush mounted along the center line
of the cavity, with the first three evenly spaced downstream from the leading edge of
the cavity, and the fourth located on the aft wall of the cavity [33]. These sensors were
sampled at a rate of 250 KHz and filted by a low-bypass filer of 100 Hz and a highbypass filter of 100 KHz [33]. Lastly, total pressure measurements were taken by a
specifically designed pitot tube in the free-stream flow and averaged over 100 samples
during the test [33]. The second study was conducted in the TWT located at the
United States Air Force Academy (USAFA) [33]. Tests were run at Mach numbers of
0.8 and 1.4, corresponding to Reynolds number per foot of 8.93x105 , using the same
cavities as mentioned above [33]. This time, Kulite XCQ-062-25A dynamic pressure
transducers were utilized in a similar manner to the previous tests and all data was
again filtered between 100 Hz and 100KHz [33].
The results were not only used as a baseline for comparing multiple suppression
techniques, but were also analyzed individually for comparison to past research on
similar cavities [33]. Overall, the resulting spectral distributions agreed with predictions based on Rossiter’s equation, Equation (1), with close agreement between
calculated and measured modes [33]. When analyzing the spectral distributions, Ukeiley et al. discovered that the results could be broken down into two categories [33].
The first category of spectra results consisted of data dominated by multiple peaks,
and in all cases, these peaks coincided with the predicted Rossiter tones [33]. The
second category of spectra results, however, consisted of data dominated by a single
peak [33]. As previously mentioned, fluid-resonant cavity oscillations can develop in
shallow weapons-cavities and a longitudinal standing wave will develop [22]. Ukeiley
et al. state that the second category of spectra results, those dominated by a single
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peak, were due to the longitudinal standing wave development at the same frequency
as one of the Rossiter tones, thus amplifying this frequency and attenuating the others in shallow cavities [33]. They also found that overall pressure levels increased in
the streamwise direction, reaching a peak at the rear wall [33]. In the center of the
cavity, the Rossiter mode was the most dominant feature and the first and second
tones seemed to have the most correlated e↵ect on pressure changes [33].
F-111 Weapons-cavity.
Another pertinent wind-tunnel experiment was conducted by Shaw, Clark, and
Talmadge in 1988 while preparing for an actual weapons-cavity flight test of a RAAF
F-111 aircraft [26]. A 4.9% scale F-111 model with two di↵erent generic weapons
bays was designed and tested with three separate model stores: a fixed-fin advanced
medium range air-to-air missile (AMRAAM), a ducted rocket, and a folded-fin AMRAAM [26]. Each store was tested in three di↵erent vertical positions in hopes of
simulating a drop from the cavity [26]. The first weapons bays had a L/D of 6.79
and the second one had a L/D of 10.27 [26]. Four Kulite pressure sensors were flushmounted along the center line of the cavity ceiling at distances, given in x/L where
x is the axial distance from the leading edge of the cavity, of 0.07, 0.52, 0.74, and
0.96 [26]. A PRM SGA-5 strain guage signal conditioning unit provided the required
5 volt direct current (DC) and 40 dB of amplification to each pressure transducer
[26]. Automatic gain changing (ACG) amplifiers provided additional amplification
of the data signals for the SGA-5 unit and the output from the ACG amplifiers was
filtered though a low-bypass filter to remove any frequencies below 5 Hz [26]. An
“end-to-end” calibration was performed on each pressure transducer using an acoustic calibrator with a SPL, as defined in Equation (5), of 150 dB at a frequency of
250 Hz [26]. This enabled the researchers to set 1 volt equal to 150 dB of SPL [26].
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Once complete, the data was reduced into narrow-band spectra of 8 Hz, analyzed for trends, and compared to expected results [26]. Overall, the data proved to
be a good match to predictions made from the modified Rossiter equation given in
Equation (2) [26]. Total SPL levels ranging from 130-163 dB were recorded, more
than enough pressure to cause structural damage to the weapons bay or the stores
themselves after prolonged exposure [26]. Additionally, recording both SPL and FPL
data on the stores at three di↵erent heights proved to be a fairly accurate model of
weapons employment when compared to previous model wind tunnel weapons drop
results, and store position certainly had an e↵ect on the resulting pressures, as seen
in Figure 4 [26]. Fluctuating pressures were the highest level with the stores extended just outside of the weapons-cavity and pressures were the lowest level with
the store halfway out of the cavity [26]. With the store fully in the bay, the pressure
level was found to be roughly halfway between the high and low [26]. Additionally,
Shaw, Clark, and Talmadge found that the size of store had minimal e↵ect on the
pressure spectra [26]. Of note, all three stores tested in this experiment were very
similar in shape, all being long cylindrical missiles. One would reasonably expect
larger disparities in store shape to have greater e↵ect on pressure levels within the
weapons-cavity.
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Figure 4. E↵ect of Store Position (X=in, =half out, Square=out) [26]

Supersonic Cavity Wind Tunnel Test.
Robertson et al. conducted CFD and supersonic wind tunnel tests in 2015 investigating acoustics present in a rectangular cavity with a generic store [21]. These
experiments were conducted at the Florida State University PSWT and consisted of
Mach 2 flow over a rectangular cavity instrumented with 8 Kulite pressure transducers
[21]. The generic store was suspended from the cavity ceiling by two vertical struts
[21]. The authors noted that flow near internally carried stores can have a significant
e↵ect on the weapons release and associated trajectory [21]. CFD predictions were
performed in concert with the wind tunnel experiments and compared for correlation
[21]. The rectangular cavity had a L/D of 4.5 and the generic missile shape had a
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length-to-diameter ratio of 12, similar to most common air-to-air missiles [21]. Previous research had proven quasi-steady experiments and CFD to be inadequate in
predicting store separation and weapons release conditions [21].
Kulite pressure transducers were located along the centerline of the cavity ceiling
as well as the rear bulkhead [21]. These transducers were low-pass filtered at 20 kHz
by dual Stanford Research Sytems model SR640 low pass and model SR650 high pass
filters [21]. Additionally, CFD predictions were performed using a computational
grid of the cavity model constructed of hexahedral cells [21]. Initial conditions for
the computations were modeled as uniform flow at wind tunnel measured conditions,
and the surface was modeled as a no-slip adiabatic wall boundary [21]. The results of
CFD were predicted sound pressure levels for each condition tested [21]. These were
then compared to wind tunnel results for correlation [21].
Three features common to resonant flow were observed in the wind tunnel results [21]. The first was that high-amplitude, well-defined discrete tones were present
[21]. These tones closely matched Rossiter predictions [21, 23]. The second feature
observed was that identical tones were observed at all measurement locations, indicating the presence of global instabilities throughout the cavity [21]. Thirdly, the
highest pressure levels and fluctuations were recorded at the rear of the cavity [21].
Root mean square pressure values were found to reside in the 140 to 160 dB range,
matching many previous findings on cavities of similar dimensions [21]. When the
CFD results were compared with the wind tunnel results, reasonable correlation was
noted by the authors [21]. The first four modes of acoustic tones were registered
during the wind tunnel experiments but the CFD only predicted modes two, three,
and four [21]. Additionally, CFD under predicted the SPL for each acoustic mode
[21]. The authors conclude that the CFD proved to be a good predictive tool, but
not an exact match [21]
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Wind Tunnel Test On Active Control.
As seen above, unsteady flow in and around a weapons-cavity is a very serious and
complex problem for the design and employment of weapons from an internal bomb
bay. Throughout the years, researchers have investigated countless techniques to
e↵ectively provide active flow control with substantial success. For a comprehensive
review of wind-tunnel experimentation on active flow control through 2003, the reader
is referred to Cattafesta et al., but the following paragraphs will briefly discuss tests
pertinent to the proposed research [3]. One of the first wind-tunnel experiments in
the field of active flow control, performed in 1977 by Sorohia and Massier, utilized two
axisymmetric cavity models to examine the e↵ectiveness of steady mass injection at
the base of the cavity [25]. A mass flow parameter, known as the blowing coefficient,
Bc , was defined as shown in Equation (7), and is a good metric by which to gage
the required mass flow rate relative to free-stream velocity [3]. Here, ṁ is mass flow
rate, ⇢e is the density of the flow being added, Ve is the velocity of the flow being
added, and Acavity is the area of the cavity in question [3]. While Sorohia and Massier
were able to show marginal e↵ectiveness, the particular blower used in the research
was inefficient, requiring too large of mass rates to successfully stabilize the cavity
oscillations with a Bc of roughly 15% [25].

Bc =

ṁ
⇢e Ve Acavity

(7)

Sarno and Franke not only performed similar studies on flow injection as a means
of active control, but also experimented on oscillating mechanical fences at the leading
edge of the cavity [24]. Using a model cavity with L/D=2, they tested for e↵ective flow
control in both transonic and supersonic flow [24]. Tests were conducted comparing
steady versus pulsed flow injection as well as injection normal to the free-stream versus
injection at a 45 angle to the free-stream [24]. While examining the flow injection,
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they found that steady injection was actually slightly more efficient than pulsing and
that a blowing coefficient of 7% was required to successfully stabilize the cavity [24].
The results also clearly indicated that the oscillating mechanical fences, operated in
a frequency range one order of magnitude lower than the acoustic frequencies present
in the cavity, were largely inne↵ective [24]. Lastly, it was evident that mass flow
induction normal to the free-stream was more e↵ective than at a 45 angle [24].
McGrath and Shaw conducted further active flow control testing in 1996 when
they examined three model cavities with L/D equal to 2.56, 3.73, and 6.83 [27]. Two
forms of active flow control were tested, the first of which was oscillating mechanical
hinges located on the leading edge of the cavity [27]. The mechanical hinges were
operated at a frequency of 35 Hz and deflected a distance of one boundary layer, ,
into the oncoming flow [27]. Test runs with the hinges were conducted at free-stream
Mach numbers ranging from 0.6 to 1.89, which corresponded to a Reynolds number of
2.0x106 per foot [27]. The second form of active flow control tested was the addition
of a solid cylinder just upstream of the leading edge of the cavity [27]. This cylinder’s
diameter was exactly one-half of the expected boundary layer thickness and tests were
run at Mach numbers of 0.6 and 0.8 [27].
Results showed that the oscillating flaps were marginally e↵ective at attenuating
the tones at subsonic speeds but were severely limited by their ability to match bandwidth with the Rossiter tones naturally present in the cavity [27]. Like researchers
before them, McGrath and Shaw concluded that only very-high frequency mechanisms, those on the same order as expected Rossiter tones, would be able to fully
stabilize the cavity [27]. The cylinder concept was also e↵ective when tested at an
appropriate Mach number corresponding to the predicted boundary layer thickness
condition [27]. Once the cylinder was tested away from its designed Mach number,
however, limited e↵ectiveness and, in some cases, degradation of the acoustic environ-
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ment, was shown [27]. The researchers concluded that while e↵ective in some cases,
the cylinder was no better than the passive spoilers and fences they were trying to
replace [27].
Stanek et al. conducted wind-tunnel experiments in an e↵ort to minimize the Bc
by using micro jet mass injection to provide active flow control of a weapons-cavity
[30]. These tests were performed at the Aircraft Research Association (ARA) transonic wind tunnel facility located in Bedford, United Kingdom [30]. Several di↵erent
arrangements of high-frequency flow control actuators were tested on a model cavity with L/D=5 [30]. Experiments were performed in both transonic and supersonic
conditions, and the mass injection was varied from steady to high frequency, reaching
approximately one order of magnitude below the Rossiter tones present in the cavity
[30]. Kulite dynamic-pressure transducers were placed evenly along both the cavity
ceiling and the rear cavity wall [30]. By using microjet technology, Stanek et al.
were able to successfully control cavity acoustics with a Bc of only 0.6% [30]. This
represented a drastic reduction in required mass flow and inspired others to continue
research in this area.
Wind Tunnel Store Separations Tests.
Wind tunnels have proven to be a very e↵ective tool for research on unsteady
flow in an around a weapons-cavity. Store separation was, and still is, a major
area of concern and while a store’s trajectory has theoretically been proven sensitive
to unsteadiness in the surrounding flow, actual store separation data collected in
wind tunnels is scarce [14]. Most wind-tunnel store separations tests are completed
using small scaled tests of simulated stores dropped from a weapons-cavity [14]. The
model stores are generally released by a “burn bolt” that melts nearly instantaneously
when electrical current is applied [14]. The store is usually pushed into place with
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compression springs providing the ejector force [14]. The burn bolt holds the spring
in compression until a current is applied and the bolts quickly melts away, allowing
the store to be ejected by the force of the spring [14]. This process has inherent
drawbacks as neither inertial properties or Reynolds number scale perfectly from the
wind tunnel to real-life [14]. Still, researchers felt that a great deal of valuable data
could be gained from accomplishing the tests.
One store separations tests conducted in a wind tunnel was performed by Jordan
and Denny, as reported in 1997 [15]. They modeled a small smart bomb (SSB) after
a 250 lb. weight class store that was very stable to small disturbances [15]. This
store was released from a rectangular cavity with L/D of 4.5 at a free-stream Mach
number of 0.95 [15]. Four di↵erent releases were accomplished, with times of release
evenly distributed over the period of unsteady flow [15]. This period was calculated
using the Rossiter formula, given in Equation (1) [15]. Actual store trajectories were
captured by high speed cameras and computer software was utilized to reconstruct
the trajectories for analysis in the axial direction, labeled x-axis, vertical direction,
labeled z-axis, and pitch [15]. This axis system is shown in Figure 5 and is adopted for
this thesis research. These actual store trajectories were then utilized with CFD to
model full-size weapons separations [15]. Between the four full-size releases computed,
a maximum displacement of six feet was noticed in the x-direction and seven feet in
the z-direction [15]. While these displacements do show minor dissimilarities between
the drops, they are relatively small when compared with the 35 feet the store traveled
in the same amount of time, and safe separation was easily achieved on each trajectory
[15]. The authors suggest that the stores stable mass properties and cylindrical shape
were conducive to only minimal displacements in the trajectory [15]. The pitch,
however, showed a disparity of up to 20 , an issue that could drastically a↵ect both
separation and employment of a weapons from a cavity [15].
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Figure 5. Axis Reference System

Johnson, Stanek, and Grove report on two separate experiments, the first of which
was conducted at the Lockheed-Martin Compressible Flow Wind Tunnel (CFWT)
where a 1/5th scaled GBU-12 (guided bomb unit), a 500 pound weight class store,
was dropped from a scaled F-111 weapons bay [14]. Unsteady loads are generally not
obtained with a six-component balance because the store, balance, and sting must all
be specifically designed to prevent oscillations, a tough task in a dynamically unsteady
flow environment [14]. In this study however, the researchers sampled data from a
6-component balance at the same rate they sampled data from Endevco dynamic
pressure transducers and attempted to pair the two sets of results [14]. These dynamic
pressure and balance data were obtained at frequencies from 24.414 Hz up to 50 KHz,
in increments of 24.414 Hz [14]. The resulting data showed that the normal forces
present on the store clearly corresponded to the first Rossiter tone of the cavity, a
frequency of 135 Hz [14]. Additionally, the unsteady store load magnitude directly
corresponded to the acoustic levels withing the cavity [14].
The second experiment covered by Johnson, Stanek, and Grove was conducted in
the Boeing Polysonic Wind Tunnel (PSWT) and involved a 6% scale model of a B1B Lancer aircraft employing appropriately scaled CBU-105 weapons (cluster bomb
unit) [14]. The scaled CBU-105 had stowed fins and was released from the aft portion
of the cavity on three separate runs [14]. The burn bolt separation method described
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above was utilized, and burn time was accounted for during data reduction [14]. The
weapons-cavity was instrumented with flush mounted dynamic pressure transducers
on the side and aft wall which were sampled at a rate of 20 KHz [14]. The trajectories
are shown in Figure 6, and were captured with high speed cameras and reproduced for
analysis by computer software, using the same axis reference system as that shown in
Figure 5 [14]. The first attempt, labeled “a” in Figure 6, released normally but then
came back up into the weapons bay, striking the aft bulkhead of the weapons-cavity
[14]. The second release, labeled “b” in the same figure, executed a clean separation
from the weapons-cavity, falling in a traditional ballistic manner [14]. Lastly, the
store labeled “c” safely separated from the cavity but had noticeable yawing as it fell
away from the scaled aircraft [14].

Figure 6. CBU-105 Wind Tunnel Drop Test From B-1B [14]

The results of these experiments clearly showed that stores experience unsteady
forces at roughly the same frequencies seen by the acoustic sensors [14]. Unsteady
flow was determined to be present in the range between the ceiling of the bay out to
1.5 diameters of the bay opening below the aircraft [14]. While small, light scaling
of weapons drops has the inherent limitations discussed above, it does provide an
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accurate picture of “worst case” scenarios for weapons employment [14]. As weapons
continue to become lighter and less inherently stable, store separation will likely
become more difficult to safely predict and achieve. Johnson, Grove, and Stanek state
that future store separation testing should be accomplished with an accelerometer on
the store to measure unsteady accelerations in addition to just unsteady forces and
moments [14].
Lastly, Cary and Wesley investigated wind-tunnel drop testing of a 10% scale Mk82 Joint Direct Attack Munition (JDAM) model from a generic rectangular weapons
bay of L/D=7.24 [2]. Store separation was again initiated by electronically vaporizing
a burn bolt, and each store was ejected with spring ejectors inducing 85 to 90 pounds
of force [2]. Each separation was recorded with high-speed photography and then
analyzed assuming both a three-dimensional and six-DOF model [2]. Because of the
scaling issues mentioned before, the forces and moments present on the stores were
most likely higher than real-world quantities would have been, but the tests still
clearly show the e↵ects of unsteady flow in and around the weapons-cavity. Five
separate runs were completed with varying results [2]. One run resulted in a “clean”
separation [2]. Two runs generated enough lift for the store to come back up and
into the weapons-cavity, striking the rear wall of the bay [2]. The last two runs
clearly generated lift during their separation but avoided striking the model [2]. Most
notably, pitch varied drastically among the various drops, ranging from +25 to
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[2].
Flight Tests.
Wind-tunnel analysis and CFD predictions can give researchers a good prediction
of the e↵ects of unsteady flow in and around a weapons-cavity, but neither can replicate the true real-world results of flight test. Unfortunately, flight test in this area

30

has many drawbacks and has thus been sparse over the last 60 years. These barriers
include the high cost of flight test, difficulty in data recording, and a rapidly changing
test environment, just to name a few. Despite these issues, flight test of unsteady flow
in an around a weapons-cavity is a field in which more research is always welcome.
Dr. Deslandes states, “if well conceived, there is no alternative providing more data
for engineering analysis and evidence for qualification” than flight test [4].
F-4 Flight Test.
One of the earliest flight tests of unsteady flow in and around a weapons-cavity
was performed by Shaw et al. in 1974 [29]. Originally designed to carry and employ
cluster munitions on the F-4E, a SUU-41 weapons pod was heavily modified to create
a 40 inch long, 10 inch deep, and 9 inch wide rectangular cavity that could be utilized
for flight test [29]. With side walls constructed from 0.25 inch thick aluminum panels,
the cavity had a L/D of 4 [29]. Two angle braces were welded into the side-walls of
the cavity in an e↵ort to raise the natural frequency of the structure above that of
the expected acoustic resonance to prevent coupling [29]. A single-axis Model 902H
crystal accelerometer was placed inside the weapons pod 30 inches aft of the leading
edge of the cavity, and was tested as flat within +/- 5% on the spectrum from 2 to
600 Hz [29]. Nine Model MVA 2100 microphones were flush mounted around the
cavity and continuously recorded from 5 Hz to 6000 Hz throughout the flight test
[29]. Three static pressure ports located around the cavity were also recorded [29].
The system response was calibrated to account for signal loss through the cables and
the microphones were found to be flat within 2 dB over the entire frequency range
[29].
Once all ground testing and calibration was complete, the SUU-41 was attached
to a triple ejection rack (TER) on the left wing of an RF-4C [29]. Several test flights
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were flown and tests were performed at constant-pressure altitudes of 3,000 ft, 20,000
ft, and 30,000 ft [29]. Once established at each altitude, the test aircraft slowly
accelerated, starting at 0.60 Mach and increasing in 0.1 Mach intervals [29]. For the
test at 3,000 ft, the aircraft accelerated to 0.93 Mach [29]. For the tests at 20,000
ft and 30,000 ft, the aircraft accelerated all the way to 1.30 Mach [29]. At least
two seconds of data was recorded at every steady state 0.1 Mach interval during the
acceleration [29].
Once all flight tests were complete, Shaw et al. reduced the data as follows. Overall
time histories were compiled and one-third octave band analysis was performed over
the frequency range of 12.5 Hz to 10 KHz, the expected range based on Rossiter’s
equation, Equation (1) [29]. These time histories were then correlated with specific
flight conditions which had been recorded on a voice channel by the test pilot flying
each run [29]. Lastly, for selected microphone and accelerometer data, narrow-band (2
Hz) analysis were performed using a Model 9300 power spectral density analyzer [29].
After all data had been reduced, Shaw et al. compared the results with Rossiter’s
equation and then developed the following method for prediction of the aero-acoustic
environment [29].
Step 1 of the prediction process is to determine the resonant frequencies using a
modified Rossiter expression, given in Equation (8) [29]. Here, V is the free-stream
velocity, L is the length of the cavity, m is the mode of the frequency, and M is the
free-stream Mach number [29]. The variable k is derived from Rossiter’s original work
and set equal to 0.57 according to AEDC-TR-99-4 [23] [8]. Step 2 is to predict the
peak one-third octave normalized SPL for the first three modes, f1 , f2 , and f3 , using
Equation (9), Equation (10), and Equation (11), respectively [29]. Here, Pn max
represents the maximum fluctuating pressures for each mode frequency and q is still
the free-stream dynamic pressure as defined above [29]. Step 3 is to determine the
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peak one-third band amplitude at the desired position in the cavity for each resonant
frequency using Equation (12) [29]. Here, ↵n is equal to 3.5, 6.3, and 10.0 for modes
1,2, and 3, respectively [29]. Step 4 is to determine the peak normalized one-third
octave band level of the broadband spectrum at the desired location within the cavity
using Equation (13) [29]. And lastly, Step 5 is to determine the broadband spectrum
empirically using Equation (14) to calculate the Strouhal number, and Figure 7 to
back out the broadband spectrum [29].
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Figure 7. Broadband Level Versus Strouhal Number [29]

F-111 Flight Test.
In 2003, Grove et al. continued to utilize the same SUU-41 pod during flight
tests on a USAF/RAAF F-111 [11]. The objective of the flight test was to capture
and compare data pertaining to store trajectories from the F-111 [11]. An active
separation control (ASC) device was designed, built, and installed into the leading
edge of the F-111 weapons-cavity [11]. The ASC consisted of high pressure air that
was released normal to the free-stream flow through vanes at the leading edge of the
cavity [11]. This blowing device acted as a spoiler and was designed to both minimize
acoustics in the bay as well as enhance store separation from the aircraft [11]. While
the ASC was only set up to have a constant mass flow during the flight test, the
researchers hoped to eventually be able to vary the parameters of the blower in relation
to the aircraft’s speed and altitude, as well as the individual store being employed
[11]. During flight test, runs were conducted at constant pressure altitudes, slowly
accelerating in Mach number through subsonic, transonic, and supersonic conditions
[11]. Additionally, every e↵ort was made to have two runs of near identical flight
conditions, one with the ACS activated, and one as a baseline rectangular cavity [11].
In addition to the generic 500 lb concrete stores, the weapons bay also held the
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SUU-41 pod, instrumented with Kulite dynamic pressure transducers [11]. The F-111
weapons bay itself was instrumented with 9 MVA-2400 miniature Gulton microphones
[11]. These microphones were powered by a Trig-Tek charge amplifier which was
located in the nose of the SUU-41 pod and received power from the aircraft [11].
The signals from all microphones and pressure transducers were recorded on a RacalHeim D20 high speed digital tape recorder at a frequency of 10 kHz [11]. To track
the store’s trajectory during the test, high-speed cameras were mounted in both wing
pylons, facing in towards the weapons bay, and two additional cameras were placed
in the aft fuselage, facing forward towards the weapons bay [11].
Once all testing had been completed, data was reduced using the RAAF weapons
separation analysis system (WSAS), a software system designed to analyze cine film
images and determine an accurate store trajectory [11]. This software takes each
frame of the film sequentially and superimposes a three dimensional model over it,
building an accurate store trajectory as it progresses [11]. The researchers did encounter difficulties with the cameras in the form of masking from the wing, which
swings during flight depending on flight condition, as well as dirt and debris blocking the images [11]. Despite these issues, estimated error was only +/
in displacement and +/

2 inches

0.5 in pitch [11]. The results clearly showed that the

largest transient loads occurred during the first 4 feet of drop, and that the weapon
was back to free-stream values by 16 feet of fall [11]. Without the ASC operating,
the store released from the front of the cavity experienced a slight normal force back
into bay but good nose down pitch upon release [11]. Without the ASC operating,
the store released from the rear of the cavity experienced moderate normal force out
of bay but nose up pitch back into bay [11]. For all tests with the ASC operating,
both weapons experienced nose down pitch and minimal unsteady normal forces [11].
Wind-tunnel tests had suggested 5-6 db attenuation at the rear of the cavity and 2-3

35

dB attenuation at front of the cavity [11]. After conducting actual fligt test though,
an amplification of 2 dB was found at the front and an attenuation of 3-6 dB was
found out the rear [11]. Grove et al. clearly state that no real advantage could be
found for using the ASC in the supersonic regime, but that the ASC was successful
in the subsonic and transonic regimes [11].
F-22A Flight Test.
A developmental test program was performed from 2007 to 2010 to integrate the
GBU-39 Small Diameter Bomb (SDB) with the F-22A Raptor fighter aircraft [18].
The SDB is a 250-pound class warhead with global positioning system (GPS) guidance
that can be employed from a variety of CAF aircraft. A BRU-61 (bomb rack unit) is
used to employ the SDB and carries four weapons per rack. The weapon is carried
upside down and, once released, control fins deploy to roll the SDB upright prior to
extending wing surfaces for flight to the target. Control fin deployment is delayed
during release to provide safe separation. The BRU-61 was carried internally within
the F-22A weapons-cavity [18]. Pitch valves are a common form of release trajectory
control, and determining optimal pitch valve settings for the BRU-61 was a primary
objective of the test program [18]. The test plan consisted of ground testing, captive
carriage, and airborne separation and guidance [18]. Ground testing included CFD
predictions, wind tunnel tests, ground vibration, structural coupling, static loads,
lab ejection, and pit ejection testing [18]. Captive carriage testing included loads,
vibroacoustics, and thermal test points [18].
Several issues were noted between the CFD, wind tunnel tests, and actual release
trajectories [18]. Wind tunnel tests were performed using a 6-DOF sting, mounted on
a bent arm to allow the store to be tested inside the cavity [18]. This setup precluded
the store from being tested sufficiently close to the bay [18]. Neither the wind tunnel
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tests or the CFD accurately modeled a environmental control system diverter jet
present on the F-22A [18]. This diverter jet added significant air flow downstream
of the shock present at the leading edge of the cavity and caused the shear layer to
reside closer to the bay than predicted by CFD or wind tunnel tests [18]. The shear
layer movement caused an under-prediction of the nose-up pitching moment and an
increased adverse pressure gradient for the weapons to traverse during separation [18].
A rating scale was devised to quantify the risk associated with release at multiple flight
conditions [18]. The combination of CFD and wind tunnel tests consistently underpredicted the severity of releases, and predictive tools had to be routinely updated
with actual flight data [18].
In the end, the GBU-39 was successfully cleared for employment from the F-22A.
Several lessons were learned during the four year test program. First, the strut arms
of the BRU-61 had to be redesigned to accommodate higher than predicted stress
during release [18]. Second, optimal pitch valve settings found during flight test were
significantly di↵erent than those predicted during ground tests [18]. Lastly, the delay
of the control fin deployment had to be reduced from original plans to counteract the
asymmetric flow field e↵ects of the weapons-cavity [18]. The combination of CFD,
wind tunnel tests, and flight test was crucial to the safe and successful test plan [18].

2.3

The Way Forward
Future Desires In The Field.
In 1998, the Air Force Research Laboratory (AFRL) initiated a request for infor-

mation (RFI) to the entire stores separation community [12]. This RFI eventually
morphed into several meetings between DoD researches and industry leaders in the
field of stores separation and the group developed three common issues they felt
needed more study [12]. The first issue was the need for better analysis tools to be
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used during both initial design and store separation flight clearance work [12]. While
some CFD programs of that time were able to predict many of the intricacies of
unsteady flow in and around a weapons-cavity with moderate accuracy, turbulence
modeling consumed a large amount of time and money. The second issue they identified was the need for integration of external stores on inventory and advanced fighters
[12]. While internal weapons carriage is required for stealth operations, combatant
commanders want flexibility among their tactical aircraft fleet. Thus, the ability to
also employ externally carried ordnance is highly desired. The third issue identified as needing more research was the concept of active control, extensively covered
above [12]. Active control is highly desirable because of its ability to suppress the
acoustic modes inside a weapons-cavity, allowing smaller, less robust weapons to be
carried, and its ability to enhance store separation characteristics in order to expand
the tactical release envelope of current and future fighter aircraft [12].
For many years, weapons integration has often been an afterthought in aircraft
design, with weapons problems simply being fixed in a reactionary manner as opposed to proactive design and development [12]. This is slowly changing in the field,
and store separation specialists need better and faster tools at their disposal now
more than ever before [12]. Active robust control of internal cavities is the way of
the future and research in the area is only continuing to grow. While closed-loop
control experiments have been promising, only passive and active open-loop methods
have been successful so far [3]. More research into the field of cavity aero acoustics,
specifically research focused on finding an easier, faster way to accurately predict
flow conditions is absolutely necessary to proactively prepare for current and future
problems associated with unsteady flow in and around a weapons-cavity.
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The Need For More Research.
Store separation from a weapons-cavity has been recognized as one of the most
important engineering challenges of the future in the field of aircraft weapons compatibility and employment [4]. Experts in the field clearly recognize that they must
be able to e↵ectively predict and characterize the flow fields present in order to ensure safe carriage and separation of stores [32]. While wind-tunnel tests and CFD
calculations are part of the answer, there is no substitute for actual flight test [4].
Data recorded during flight test is of immense value for comparison to and, potentially, validation or improvements of existing prediction systems. Cenko et al. clearly
state that future flight test should involve telemetry both inside and out of the store
and that optical motion survey is a must in all future flight tests [4]. Thus, real-time
footage of future flight test should be given priority when designing a test instrument.
A solid database of both wind-tunnel and flight test experiments must be compiled
[3]. Cattafesta et al. state “such a database can be created through captive trajectory
tests where forces and moments on the store are measured simultaneously with the
unsteady pressures inside the cavity” [3]. More flight tests involving a cavity borne
stores is highly desired, and being able to relate unsteady normal forces and their
corresponding moments to free-stream conditions is a must [3].
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III. Methodology
3.1

Weapons-Cavity For Flight Test
Design.
Conceptual Design.
After consulting past wind tunnel and flight tests in the area of weapons-cavity

research and identifying the data desired by the weapons integration research community, a cavity test bed was prepared for flight test on the wing of an F-16 Fighting
Falcon. The weapons-cavity was designed to gather desired data on a scale missile,
whose length was scaled to mimic an air-to-air weapon equal to half the length of
the weapons-cavity. This missile was then captive carried within the pod for Mach
numbers up to 0.93.
Several goals were considered in the development of the pod instrumentation. The
first goal was to record loads and moments on this air-to-air missile of half-cavity
length. Raytheon, Boeing, and Lockheed Martin have all been linked to designs of
an air-to-air missile with a length of roughly half current front line air-to-air missiles,
allowing the F-22 and F-35 aircraft to double and triple their air-to-air load out,
respectively [31]. This missile concept has been coined the “half-ram” due to its size
relative to the current AMRAAM used operationally across the allied air forces. The
second goal was to measure time-accurate pressure within the weapons-cavity. The
local pressure provides an important link to characterizing the unsteady environment
of a weapons-cavity. The third goal was to measure structural vibration of the store
using an acceleromter. The fourth goal was to capture qualitative information on
the conditions inside the cavity using three video cameras mounted inside the pod.
Ultimately, all data were consulted correlate the loads, moments, accelerations, and
unsteady pressures with flight conditions.
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Based on its availability and proven track record in flight test, the same modified
SUU-41 weapons pod previously utilized by both Shaw and Grove was chosen as the
test bed [28, 11]. The SUU-41 pod, also referred to as a tactical fighter dispenser
(TFD), was initially designed for carriage and employment of clustered munitions
from the F-4E and the F-105D [10]. With an operational airspeed envelope of 650
KCAS or 1.3 Mach maximum rated velocity and a g-loading envelope of -0 to +3
G’s, the SUU-41 provided ample regime for flight test [34]. Shown in its original
configuration in Figure 8, the SUU-41 had ten receptacles for cluster munitions and,
once all weapons had been employed, was basically a large open rectangular cavity
with two smaller cavities at the leading and trailing edges. The pod was modified in
preparation for flight test on the F-4 by Shaw and Smith during their 1977 experiment
on aero acoustics inside a weapons-cavity [28]. The two smaller areas on the ends
were filled in, allowing the remaining cavity to be modified to have a L/D of 4 [28].
In preparation for flight test in 2003 by Grove et al., the same SUU-41 pod had the
tail removed in order to flush mount backwards in the F-111 weapons-cavity [11].
This time, a rectangular cavity was again built and instrumented with a L/D of 4
[11]. After the F-111 flight tests, the pod was crated and stored at AFRL, located at
Wright-Patterson Air Force Base, Ohio. This configuration, shown bottom side up
in Figure 9, was deemed a good platform for the proposed flight test, and the design
process began around the pod.
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Figure 8. SUU-41 Pod In Original Operational Configuration

Figure 9. SUU-41 Pod At Beginning Of Design Stage

Quarter-inch thick aluminum panels were designed to build a 40 inch long, 10
inch deep, and 9 inch wide cavity into the bottom of the SUU-41 pod, mirroring the
design of Shaw’s and Smith’s F-4E tests [28]. This gave a L/D of 4, allowing resulting
test data to easily be compared to multiple previous experiments. A generic missile
body was developed measuring 18 inches long and scaled to represent the SACM
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concept inside of a weapons bay, shown in Figure 10. To gather loads and moments
on the missile, several types of instrumentation were considered. The first option
was mounting the missile to a 6-DOF balance. The second option was mounting the
missile to two load cells along the missile body at approximately the same location
as typical missile hangers. As covered earlier though, using a 6-DOF balance for
measuring unsteady loads presents complications to the researcher in the form of unwanted and uncontrollable oscillations [14]. Additionally, achieving flight clearance
for a project like this is a long and tedious process, and a cantilevered balance would
have been harder to prove structurally sound than than load cells attached directly
to the missile. Therefore, the concept of two load cells attached to the missile was
selected for the design. These load cells were placed 7.15 inches and 14.40 inches from
the nose, respectively, a scaled representation of the real world missile mounting of an
AMRAAM. The SACM concept is specifically designed to fit two missiles lengthwise
in the cavity [31]. Thus, much like Grove et al. had done in previous flight test
experiments, the missile was designed to be mounted in both a forward position and
a rear position, giving two testable locations in the x-axis [11]. These locations corresponded to x/L locations of 0.277 and 0.683. In an e↵ort to duplicate Shaw, Clark,
and Talmadge’s success with multiple vertical store positions, struts were designed
to give the missile three testable locations in the z-axis: one near the ceiling of the
cavity, one half way down from the ceiling of the cavity, and one at the bottom edge
of the cavity [26]. These positions corresponded to z/H locations of 0.331, 0.556, and
1.001. Therefore, the weapons-cavity was able to be configured prior to flight to test
the missile at one of six possible locations or flown with the missile absent.
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Figure 10. Scaled Air-to-Air Missile Designed For Flight Test

Johnson, Grove, and Stanek asserted future store separation testing should be
accomplished with an accelerometer on the store to measure unsteady accelerations
for use in correlation with unsteady forces and moments [14]. Unlike in the windtunnel however, this weapons-cavity was bound to experience additional vibrations
and accelerations on the wing of the F-16 that were completely unrelated to unsteady
flow in and around the cavity. Therefore, the design was further enhanced by using
two single-axis accelerometers, one inside the missile itself, and another mounted
inside the structure of the pod. Conceptually, time-dependent store accelerations
could be compared with that of the pod itself. Additionally, Cenko et al. highly
recommended optical motion survey in all future flight test [4]. Thus, three cameras
were implemented in the pod design. As shown in Figure 11, two cameras were
installed in the side wall of the cavity, and one camera was installed the front of
the cavity. Of note, two missiles are shown in Figure 11 solely for the purpose of
representing each camera’s respective field of view. During actual flight test, only
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one missile position was tested at a time. Additionally, nylon tufts of one-eighth inch
diameter were installed on the opposite sidewall using a 2 inch by 2 inch pattern.
Four rows of nine tufts were mounted, giving 36 total tufts.

Figure 11. Camera Location In Modified SUU-41

Expected Conditions.
In preparation for flight test, expected loads, moments, and pressures were calculated. The AFSEO approved flight clearance allowed for a flight envelope of sea
level to 30,000 feet pressure altitude and a maximum airspeed of 0.95 Mach or 550
KCAS. Therefore, the first step was to calculate free-stream dynamic pressure, shown
in Table 1, using Equation (15). Here, q is dynamic pressure in pounds per square
foot, ⇢ is density in slugs per cubic foot, and V is free-stream velocity in feet per
second. These values are presumably higher that what will be seen by the missile
inside of the cavity, but they provide a conservative maximum for expected dynamic
pressure. Additionally, dynamic pressure plays a major role in calculating expected
loads and moments, as will be shown later.

q=

1
⇢V2
2
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(15)

Table 1. Expected Free-Stream Dynamic Pressure [lbs/f t2 ]

Alt(ft MSL)

0.50 Mach

0.600 Mach

0.7 Mach

0.80 Mach

0.90 Mach

0.93 Mach

0

370

533

726

948

1200

1281

10,000

255

367

500

652

826

881

20,000

170

245

334

436

552

589

30,000

110

159

216

282

357

381

In addition to dynamic pressure, expected drag was also calculated for the missile.
Although the axial force acting on the missile was not measured, the expected level
was tracked because this overhung load could have a↵ected the performance and
accuracy of the load cells. More will be discussed later on steps to mitigate the
e↵ects of drag on the design. Using data from Christensen’s research on SACM type
missiles, a drag coefficient, CD , of 0.175 was utilized in the following calculations [5].
This value was an average over the range of

5 to +5 AoA, the expected range

during level flight at various speeds in the SUU-41 pod [5]. Using Eq. (16), and
the same flight conditions as above, expected drag was calculated and is shown in
Table 2. Here, D is the drag force in pounds, q is dynamic pressure in pounds per
square foot, and S is the frontal, or cross-sectional, area of the missile in square feet,
calculated as 0.009f t2 . As can be seen, the drag force on the missile is minimal even
at free-stream velocities, with a maximum expected value of roughly 2 pounds.

CD =
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D
qS

(16)

Table 2. Expected Axial Drag [lbs]

Alt(ft MSL)

0.50 Mach

0.600 Mach

0.7 Mach

0.80 Mach

0.90 Mach

0.93 Mach

0

0.5832

0.8399

1.1431

1.4931

1.8897

2.0177

10,000

0.4013

0.5779

0.7865

1.0273

1.3002

1.3883

20,000

0.2682

0.3862

0.5257

0.6866

0.8689

0.9278

30,000

0.1735

0.2499

0.3401

0.4443

0.5623

0.6004

Next, expected normal forces were calculated for the missile. Using data from
Christensen’s research on “half-ram” type missiles, a normal force coefficient, CN ,
of 0.5 was utilized in the following calculations [5]. This value was an average over
the range of

5 to +5 AoA [5]. It should again be noted that these values are for

free-stream conditions and are only used as a prediction of those forces present within
the cavity. Using Equation (17), and the same flight conditions as above, expected
normal force was calculated and is shown in Table 3. Here, FN is the normal force
in pounds, q is dynamic pressure in pounds per square foot, and Sref is the frontal
area of the missile, calculated as 0.009f t2 . As can be seen, the normal force on the
missile is minimal even at free-stream velocities, with a maximum expected value of
less than 6 pounds, which is roughly 3 times the weight of the scaled missile used in
flight test (2.076 pounds).
CN =

FN
qSref
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(17)

Table 3. Expected Normal Force [lbs]

Alt(ft MSL)

0.50 Mach

0.600 Mach

0.7 Mach

0.80 Mach

0.90 Mach

0.93 Mach

0

1.6664

2.3996

3.2661

4.2659

5.3991

5.7650

10,000

1.1466

1.6511

2.2473

2.9352

3.7149

3.9667

20,000

0.7663

1.1034

1.5019

1.9616

2.4827

2.6509

30,000

0.4958

0.7140

0.9718

1.2693

1.6065

1.7153

In order to select an appropriate sampling rate, the predicted acoustic frequencies
were calculated using both Rossiter’s equation, Equation (1), and Shaw’s modified
Rossiter equation, Equation (8) [23, 29]. Shown in Tables 4 and 5, modes one, two,
and three were calculated using each equation for free-stream mach numbers of 0.7,
0.8, and 0.9 at sea level and the two calculations only di↵er by about 7%. Therefore,
Shaw’s modified Rossiter equation, Equation (8), was selected for use because of its
slightly more conservative calculations and direct comparability to the SUU-41 used
for testing [29]. Tables 6 through 8 show the first three modes for Mach numbers of
0.7, 0.8, and 0.9, at altitudes of 10,000, 20,000, and 30,000 PA. This gave an expected
window of frequencies ranging from roughly 60 Hz to 300 Hz across the first three
modes, dependent on flight conditions. Since previous studies have shown that a store
in a weapons-cavity works to reduced acoustic resonance frequency, this was a slightly
conservative prediction and allowed a confident selection of sampling rate [11]. Thus,
a sampling rate of 2000 Hz was selected as sufficient and in line with Shaw’s previous
methodology and results [29].
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Table 4. Rossiter Prediction - 0 ft MSL [Hz]

Mach

1

2

3

0.7

71.8314

167.3518

262.8722

0.8

78.8792

183.7717

288.6642

0.9

85.3960

198.9544

312.5129

Table 5. Shaw Prediction - 0 ft MSL [Hz]

Mach

1

2

3

0.7

69.4326

162.0093

254.5860

0.8

75.0481

175.1122

275.1763

0.9

79.6085

185.7531

291.8977

Table 6. Expected Frequency - 10k’ MSL [Hz]

Mach

1

2

3

0.7

67.0070

156.3497

245.6924

0.8

72.4264

168.9948

265.5633

0.9

76.8274

179.2640

281.7006
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Table 7. Expected Frequency - 20k’ MSL [Hz]

Mach

1

2

3

0.7

64.4882

150.4724

236.4567

0.8

69.7038

162.6422

255.5807

0.9

73.9395

172.5254

271.1113

Table 8. Expected Frequency - 30k’ MSL [Hz]

Mach

1

2

3

0.7

61.8699

144.3630

226.8561

0.8

66.8737

156.0387

245.2036

0.9

70.9374

165.5206

260.1037

Instrumentation.
Load Cells.
The load cells selected for use in the weapons-cavity were two Cooper Instruments model LFS 250 hermetically sealed s-beam load cells, shown in Figure 12. The
LFS 250 is a dual cantilevered beam load cell constructed from stainless steel and
hermetically sealed for all-weather functionality [6]. It measures both tension and
compression loads of up to 100 lbs [6]. With an accuracy of 0.03%, the LFS 250 was
selected for its optimal combination of ruggedness and fidelity, both requirements in
the harsh environment of flight test [6]. The load cell is threaded on both ends with
3/8-24 UNF female threads [6]. With 10-volt excitation and an output of 3 +/- 0.003
mV/V, the LFS 250 is compatible with the 28-volt maximum power supply of the
F-16 MAU-12 pylon [6].
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Figure 12. Cooper Instruments LFS 242 S-Beam Load Cell

Cameras.
Three GoPro Hero3+ Black Edition cameras were selected for use in the WASSP
due to a combination of duarbility, ease of procurement, and size. The particular
cameras used were 12 Megapixels and capable of recording at 120 frames per second
(FPS) with 1280x720 resolution. Each camera contained a 60 GB hardrive which
provided over 2.5 hours of recording time. The focal length of the cameras was
approximately nine inches, which corresponded closely to the requirements of the test.
Three light emitting diode (LED) lighting units were also used and each camera was
paired with a LED bar to ensure ample lighting during recording. They were model
HDV-Z96 produced by F&V Lighting, contained 96 ultracolor LEDs, and produced
590 Lux at 1 meter. The GoPro Hero3+ is shown in Figure 13 and the LED bar used
is shown in Figure 14.
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Figure 13. GoPro Hero3+ Black Edition High Definition Camera

Figure 14. HDV-Z96 LED Light Bar Used With Video Recording

Accelerometer.
The PCB Piezotronics model 352C33 single-axis accelerometer was selected for
use in the WASSP and is shown in Figure 15. This accelerometer was primarily
selected for its small size and high frequency capability, with an available sampling
rate of 0.5 to 10,000 Hz and a resonant frequency greater than 50 kHz [20]. With a
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measurement range of +/- 50 g’s and a low broadband resolution of 0.00015 g rms,
the accelerometer was well suited for the high frequency, high g environment of fighter
flight test [20]. The operating temperature range of the accelerometer was
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200 Fahrenheit [20]. This was an extremely important aspect as temperatures as
low as

40 Fahrenheit were encountered at altitude during flight test. This model

had excitation voltage of 18 to 30 VDC and thus will be compatible with the F-16
output [20]. Exact voltage was regulated by implementing a power conditioner and
data acquisition system, discussed later in this chapter.

Figure 15. PCB Piezotronics ICP Accelerometer

Pressure Transducers.
Kulite miniature flatpack pressure transducers, model LLE-1-500, were selected
for implementation in the test cavity and are shown in Figure 16. They were the same
model which performed well on the previous SUU-41 flight tests conducted in the F111 [11]. Rated electrical excitation was available at 12+/ 4 VDC, well suited for the
F-16 power distribution [17]. Additionally, frequency response was measurable up to
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3000 Hz [17]. The Kulite pressure transducers also had a compensated temperature
range of

40 to +280 Fahrenheit [17]. Five pressure transducers were designed into

the test cavity, with four located along the centerline of the cavity ceiling, and one on
the rear wall of the cavity as shown in Figure 17. The transducers along the cavity
ceiling, labeled A through D, were mounted at x/L locations of 0.072, 0.342, 0.611,
and 0.928. The transducer on the rear wall of the cavity, labeled E, was mounted at
a z/H location of 0.550.

Figure 16. Kulite LLE-1-500 Flatpack IS Pressure Transducer

Figure 17. Kulite Pressure Transducer Location Within Cavity
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Bench Tests.
Load Cells.
Several bench tests were performed in order to ensure best design of the pod.
First, the load cells were set up as shown in Figure 18. Each cell was connected to a
Sensotec model GM signal conditioner and indicator. This model had a four and a
half digit display with 20,000 count resolution [13]. The strain-gauge transducer had
a range of 0.5 to 50 mV/V and +/- 0.03% accuracy [13]. Both 5-volt and 10-volt
transducer excitation were available, and the Sensotec signal conditioner and indicators were set up to operate at 10-volts, matching the load cell design specification
[13]. The Sensotec model GM has a measured frequency response of greater than
100 Hz according to manufacturer specifications [13]. The missile was bolted to each
load cell and a calibrated mass was hung at varying distances along the x-axis of
the missile, starting at the nose. Each x-position was refined multiple times to best
meet the desired distance, but the hanging equipment used was 0.25 inches wide at
the top, inducing some slight measurement uncertainty. At each position, the sensor
was allowed to stabilize and then the corresponding output was read, recorded, and
converted to pounds.
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Figure 18. Load Cell Bench Test Setup

This test was performed multiple times with calibrated weights of both 1 lb and 5
lbs. The results for the 1 lb weight are shown in Figures 19 through 22. The results
for the 5 lb weight are shown in Figures 23 through 26. In all figures, a negative load
is indicative of tension, while a positive load is indicative of compression. Shown in
Figure 19, as the one pound weight was moved from the nose to the tail of the missile,
the front load cell transitioned from tension to compression. A center of gravity
(CG) located 9.7347 inches from the nose, or an x/L of 0.5408, was calculated using
SolidWorks computer modeling software. This CG was then was used in conjunction
with simple sum of forces and sum of moments equations to mathematically calculate
predicted forces at each location for both load cells. The actual measured forces show
good correlation to the predicted forces across the entire length of the missile. In
Figure 20, the rear load cell has the opposite trend, as expected. As the one pound
weight was repositioned from the nose toward the tail of the missile, the rear load cell
transitioned from compression to tension. Again, good correlation is seen between
measured and predicted data.
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Figure 19. Front Load Cell: Actual vs. Predicted (1 lb.)

Figure 20. Rear Load Cell: Actual vs. Predicted (1 lb.)
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Figure 21 displays the error in total load measurement along the length of the
missile. For the first experiment, the sum of the load on the missile should have
always equaled 1 pound, but some slight error did exist in the measurements. The
greatest error was 0.04315 pounds, a load error of 4.3%, and was found when the
load was placed between the two load cells, at a x/L of 0.55. The average error over
the length of the missile was 0.0181 pounds, a load error of only 1.8%. In order to
test this setup’s ability to accurately capture moments, the measurements of the two
load cells were summed, and the moment about the CG was calculated. Then, a
theoretical x-position corresponding to this moment was calculated and compared to
the actual x-position of the test weight. Figure 22 displays this error in mathematically calculated x-position, and shows a maximum error of 0.2133 inches, or a x/L
of 0.0118. Therefore, these moment measurements suggest a maximum error of less
than 2%.

Figure 21. Error In Total Load Measurement (1 lb.)
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Figure 22. Error In x-Location Measurement (1 lb.)

Figures 23 and 24 show the results of the same series of bench tests, but performed
with a calibrated 5 lb weight instead of the 1 lb weight. As can be seen, both load
cells measure tension and compression as predicted and show good correlation to
predicted results.
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Figure 23. Front Load Cell: Actual vs. Predicted (5 lbs.)

Figure 24. Rear Load Cell: Actual vs. Predicted (5 lbs.)
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Figure 25 displays the error in total load measurement along the length of the
missile. The highest error was 0.2375 pounds, a load error of 4.7%, comparable to the
load error present in the one pound test above. Again, the highest total load errors
occurred in the region between the two load cells, corresponding to x/L ranging from
0.39 to 0.80. The average load error over the entire length of the missile was 0.05
pounds, corresponding to an average load error of 1%. Figure 26 was produced in
the same manner as described earlier and displays x-position error as a means of
identifying measured moment error on the missile. The highest error occurs at x/L
of 0.97, very close to the rear end of the missile, and is 0.30 inches. This error
corresponds to an x/L error of 0.017 and thus, moment calculations are deemed to
have less than 2% error. Overall, the load cell configuration was sufficiently accurate
in measuring both total load and total moment on the missile, with error less than
2% across the entire length of the missile and was una↵ected by increases in load.

Figure 25. Error In Total Load Measurement (5 lbs.)
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Figure 26. Error In x-Location Measurement (5 lb.)

Additional tests were performed on the load cells to characterize their ability to
capture dynamic loading. For this set of experiments, a one pound mass was hung
from a load cell at various lengths and employed as a simple pendulum, mirroring
similar experiments performed by Lyons [19]. An Agilent Technologies Infinivision
DS07014B Digital Storage Oscilloscope was used to sample 2,000 data points at a rate
of 1,000 Hz during stabilized pendulum swing. Eq. (18), as described in Lyons’ work,
provides a method to mathematically calculate the frequency of a simple pendulum
using a point mass assumption [19]. Here, f is the frequency of the pendulum, defined
as movement from one side of the arc to the other, g is the gravity constant (32.174
f t/s2 ), and l is the length between the load cell and the point mass [19].
1
f=
⇡
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r

g
l

(18)

Tests were conducted with two di↵erent pendulum lengths of 6.25 inches and 3.00
inches, giving expected frequencies of 2.5 Hz and 3.6 Hz, respectively. Figure 27
displays the results of the 6.25 in. pendulum test. The pendulum’s lowest point can
be identified by the maximum force of roughly 1.5 lbs, and the pendulum’s highest
points correspond to the lowest force of roughly 0.5 lbs. An average force of 1 lb
is as expected and a strong sinusoidal wave is clearly present. Using a fast Fourier
transform (FFT), the power spectral density (PSD) of the signal was calculated and
is displayed graphically in Figure 28. As can be seen, the PSD of the 6.25 inch
pendulum test matches exactly with the mathematical prediction of 2.5 Hz, showing
that the load cell accurately sensed the load variation at this frequency.

Figure 27. Waveform of Oscillating Pendulum (l=6.25 in)
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Figure 28. FFT of Oscillating Pendulum (l=6.25 in)

Figure 29 displays the results of the 3.00 inch pendulum test. Again, the pendulum’s lowest point corresponds to the highest force of roughly 1.5 lbs and the pendulum’s highest point corresponds to the lowest force of roughly 0.6 pounds. Because
the pendulum was much shorter, inherent frictional forces were larger in relation to
potential energy being utilized. Thus, damping occurred sooner and the sinusoidal
wave began to noticeably dampen out in the two second sample period. Nonetheless,
an average force value of 1 lb is still present as expected. The same FFT technique
was utilized on the 3.00 in pendulum test data and a PSD of 3.5 Hz was identified, as
shown in Figure 30. The slight di↵erence (0.1 Hz) between measured and predicted
frequency (3.4 Hz) can easily be attributed to both error in measuring exact location
of point mass and coarseness of data utilized in the PSD analysis. Overall, both tests
suggested that the selected load cells would capture some time-dependent features of
the normal force and moment acting on the store model.
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Figure 29. Waveform of Oscillating Pendulum (l=3.00 in)

Figure 30. FFT of Oscillating Pendulum (l=3.00 in)
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Additionally, several bench tests were completed to examine o↵-axis contamination of the load cells. These tests were accomplished by suspending a calibrated mass
perpendicularly from the loads cells and recording the o↵-axis contamination. Distance from the load cell to the mass was gradually increased by using increasingly
longer bolts, in e↵ect giving a larger moment arm to the o↵-axis mass. Calibrated
weights up to 50 pounds were hung o↵-axis from the load cells and had negligible
e↵ect when attached directly to the end of the load cell. Only when the mass was
hung more than five inches away from the load cell did the o↵-axis loading have any
result. Therefore, the WASSP design was refined to always have the load cells flush
mounted to the missile, thus alleviating any o↵-axis contamination of the data.
Accelerometer.
In order to verify the performance of the PCB accelerometers, a calibration was
performed in November of 2014 using a MB Dynamics Electromechanical shaker table
capable of up to 50 lbs force. This shaker table was controlled by an Agilent Technologies 33120A 15 MHz waveform generator via a PCB Model 482A16 power conditioner.
The calibration accelerometer utilized was a Deltatron type 4533-B calibration accelerometer, last calibrated on 24 February, 2014. This calibration accelerometer had
a high pass cut-o↵ frequency of 0.017 Hz, a low pass cut-o↵ frequency of 125 kHz,
and a sensitivity of 10 mV/g [7]. A white noise signal with frequency ranging from
0.5 Hz to 500 Hz was produced with the Agilent waveform generator and data was
recorded from both accelerometers at a rate of 5 KHz. Using a Matlab code, the data
was reduced and transformed into a transfer function between the two sensors, whose
magnitude in dB is shown on the Bode plot in Figure 31. As can be seen, the two
accelerometers agree quite well in the frequency range of 1 Hz to 500 Hz. The -20
dB shift is purely due to the di↵erence in sensitivity, where the PCB accelerometer
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had a sensitivity of 100 mV/g and the Deltatron accelerometer had a sensitivity of 10
mV/g, a di↵erence of a factor of 10, or 20 dB in the log scale. The two accelerometers
do have some minor disagreement in the low frequency range, at oscillations less than
1 Hz. This is most likely due to sensitivity di↵erences in the low frequency range
between the two sensors.

Figure 31. Bode Magnitude of Calibration Accelerometer Transfer Function

Figure 32 shows a Bode plot of the phase of the transfer function between the two
accelerometers. Again, the two accelerometers are almost identical in the range from
1 Hz to 500 Hz, but diverge in the low frequency range. Figure 33 shows the Bode
magnitude of the transfer function for each accelerometer in relation to the white noise
input. As can be seen, in the frequency range from 1 Hz to 500 Hz, the two sensors
are almost identical with the only noticeable di↵erence being the 20 dB shift due
to sensitivity capabilities between the two as discussed above. In the low frequency
range, those frequencies at less than 1 Hz, the PCB accelerometer actually has a
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much smoother roll o↵, indicating more accurate measuring at very low frequency
than the Deltatron calibration acceleromter. Overall, the PCB accelerometers chosen
for flight test showed good calibration across all expected frequencies and good roll
o↵ at extremely low frequencies. These characteristics made the PCB a good choice
for this experiment.

Figure 32. Bode Phase of Calibration Accelerometer Transfer Function
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Figure 33. Bode Magnitude of Calibration Accelerometer and Test Accelerometer

Modifications.
Rapid Development Integration Facility.
Once the conceptual design and bench tests were complete, actual manufacturing
of the WASSP was contracted out to the Rapid Development Integration Facility
(RDIF), located at Wright-Patterson AFB, OH. The RDIF belongs to the Air Force
Life Cycle Management Center and specializes in rapid manufacture and production
for small Air Force research and development projects. After several meetings to
ensure the RDIF engineers clearly understood the design requirements, a proposed
modification package was presented as shown in Figures 34 and 35. The design was
then accepted and WASSP modifications began.
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Figure 34. Overview Of WASSP Structural Design From RDIF

Figure 35. Cut-Away Drawing Of RDIF WASSP Design
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Approximately three months after going under contract, the WASSP’s structural
modifications were complete. Figure 36 shows the WASSP as it appeared leaving the
RDIF. Perhaps the biggest hurdle in the modification process however was obtaining a flight clearance from AFSEO. All structural analysis of the modifications was
performed by the RDIF engineers and then presented to AFSEO for validation. Test
parameters used for structural analysis were worst case for the requested flight clearance, 0.95 Mach at sea level pressure altitude and +3 g loading. These conditions
corresponded with a dynamic pressure of 8.08 psi. Each and every new part of the
WASSP was evaluated for worst case conditions and assigned an individual margin of
safety, as defined in Equation 19. All margins of safety were found to be ample and
sufficient for flight. Using this analysis and previous flight clearances for the SUU41, an initial flight clearance was approved by AFSEO to fly in the aforementioned
envelope on the F-16.
M.S. = (

Loado
Loadapplied
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1)

(19)

Figure 36. WASSP After RDIF Modifications Complete

USAF Test Pilot School Engineering And Instrumentation Department.
The engineering and instrumentation department (ENI) of the USAF Test Pilot
School (TPS) conducts modification, fabrication, and instrumentation for all TPS
flight test projects. Once the WASSP arrived at Edwards AFB, CA the engineers
and technicians at ENI began final assembly and calibration of the WASSP. The first
step was to design and build a data acquisition system (DAS) capable of powering
and recording all sensors on the WASSP, shown in Figure 37. This DAS powered and
recorded both accelerometers, both load cells, and all five pressure transducers, at
2000 Hz. The DAS also provided power to the cameras and lights but video recording
was internal to the cameras as discussed above. Power was provided to the DAS from
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the F-16 MAU-12 pylon via a harness specially designed by ENI for the WASSP.
An Interpoint power conditioner was also included in the DAS to ensure proper and
consistent power supply to all sensors. Additionally, an adaptive filter was installed
to prevent data aliasing.

Figure 37. DAS Built By TPS/ENI And Installed In WASSP

Once all instrumentation was installed, ENI technicians methodically calibrated
each sensor end to end. This process is shown in Figure 38. A centrifugal calibration
unit was used to calibrate both accelerometers and a calibrated vacuum was used
to calibrate all pressure transducers. The data from the DAS was easily accessible
through a universal serial bus (USB) 3.0 port manufactured into the tail of the WASSP
and shown in Figure 39. Data from the DAS was transported via a Chapter 10 Illiad R
file and then processed with Illiad R software into a comma separated values (CSV)
file. This process converted recorded voltages from each sensor into the appropriate
engineering units. Calibration was performed on each sensor to ensure correct reading
and processing from start to finish. Lastly, the WASSP was mounted on the test
aircraft, F-16D tail number 391, and a electro-magnetic interference and compatibility
(EMI/C) test was performed. This test ensured that the WASSP would not negatively
interfere with any existing systems on the F-16.
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Figure 38. WASSP During TPS/ENI Modifications And Calibration

Figure 39. USB Hub For Data Download During WASSP Postflight

Test Item Description.
WASSP.
Once all modifications were complete, the WASSP was a heavily modified SUU-41
pod that was used for weapons-cavity acoustic research, shown mounted on F-16D
tail number 391 in Figure 40. For this test the WASSP was installed on station
7 of a DAS-equipped F-16D aircraft. The F-16 had its own DAS which recorded
all aircraft parameters at 20 Hz throughout the flight. Control of the F-16 DAS was
done from the rear cockpit of the F-16 by the flight test engineer (FTE). In the tested
configuration, the WASSP was 116 inches long, 15 inches wide, and 16 inches high.
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The pod had been modified as detailed above to consist of a rectangular cavity on
the underside with L/D of 4:1. This cavity measured 40 inches long, 10 inches deep,
and 9 inches wide. The WASSP was not able to be jettisoned from the F-16 and was
thus hard wired to the F-16’s MAU-12 pylon.

Figure 40. WASSP Mounted On F-16D Tail Number 391 Prior To First Flight

The weapons-cavity contained a simulated store, scaled to represent a half-cavity
length air-to-air missile. As shown in Figure 41, this store measured 18 inches long
and was configurable to six di↵erent positions within the cavity between test flights.
These six testable positions are shown in Figure 42. The missile was attached to the
ceiling of the cavity at either a fore or aft position, placing the missile CG at an x/L
of 0.277 and 0.683 respectively. To achieve di↵erent vertical locations in the cavity,
the missile could be mounted in one of three vertical positions, z/H of 0.331, 0.556, or
1.001. The z/H position of 0.331 was accomplished by mounting the missile and load
cells directly to the ceiling of the cavity. The z/H positions of 0.556 and 1.001 were
accomplished by mounting the missile and load cells to two di↵erent sets of fabricated
struts. These struts are shown in Figure 43. Once installed for each position, the
load cell cables were secured and stowed prior to flight.
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Figure 41. Instrumented Missile And Load Cells Mounted In Weapons-Cavity

Figure 42. Six Locations For Missile During Flight Test
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Figure 43. Fabricated Struts To Suspend Missile

The WASSP cavity was instrumented with five Kulite pressure transducers. Four
transducers were located along the centerline of the cavity ceiling at x/L positions of
0.072, 0.342, 0.611, and 0.928. The fifth transducer was located on the rear wall of
the cavity at a z/H position of 0.550. Each transducer was recorded at 2000 Hz by
the WASSP DAS from taxi-out to landing. Figure 44 shows the setup prior to final
installation in the WASSP.

Figure 44. Kulite Pressure Transducers For Acoustic Measurements

Three GoPro Hero3+ cameras were mounted in the walls of the WASSP, with
two in the starboard sidewall looking across the cavity and one in the front bulkhead
looking rearward into the cavity. Each camera was installed with a dedicated LED
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light bar to ensure ample lighting for recording. Additionally, a two inch by two inch
grid of nylon tufts was attached to the port sidewall of the cavity with four rows of
nine tufts, giving thirty-six total tufts on the wall. Each nylon tuft was 1.75 inches
in length with a diamter of approximately one-eighth inch. The tufts were mounted
with the free end towards the rear of the cavity using flight approved speed tape. The
cameras were powered by the WASSP DAS and recording was started and stopped
by ground crews with a wireless remote prior to takeo↵ and after landing. Once
complete, video files from each test sortie were downloaded by the ENI technicians
using the high-speed USB port discussed above. Figure 45 shows the location of each
sidewall camera and its associated LED. Figure 46 shows the port sidewall tufts as
filmed by the front sidewall camera.

Figure 45. Cutouts For GoPro Cameras In Starboard Sidewall Of Cavity

Figure 46. View Of Tufts From Forward Sidewall Camera
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User Interface.
Once mounted on the F-16, the WASSP was controlled by the aircrew and ground
crew by three di↵erent means. The first avenue for WASSP control was the F-16
stores management system (SMS) indigenous to the test aircraft, shown in Figure
47. Once normal ground operations of the F-16 were complete, the test pilot applied
power to the WASSP DAS by loading the pod into the SMS. Because the SUU-41
is an unconventional store for the F-16, the WASSP was loaded as an air-to-ground
munition, specifically an AGM65R missile. This procedure applied power from the
F-16’s MAU-12 pylon, through a custom wire harness, to the WASSP DAS.

Figure 47. Example Of F-16 Stores Management System

Once loaded in the SMS, ENI technicians physically checked for good indications
on the WASSP as the DAS performed power-up checks. Green LED lights installed
near the USB hub discussed earlier provided confirmation to ground crews that the
WASSP was ready to operate. Next, the test pilot used a C-9492 electronic counter
measures (ECM) control panel, shown in Figure 48, to begin recording of all nine
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sensors. This panel allowed start and stop of recording both on the ground and
airborne. The panel also allowed the test pilot to “event” the data, leaving a digital
time stamp on the DAS data during any pertinent event. Just prior to taxi out, the
ENI technicians used a wireless remote to begin recording on all three cameras as
discussed above.

Figure 48. Example Of C-9492 Electronic Counter Measures Control Unit

3.2

Flight Test
A robust flight test program was designed and flown to demonstrate the WASSP

as a weapons-cavity test bed. Data were collected from the flow field within the cavity
at each test point. Specific test objectives included validation of the AFSEO approved
flight envelop and the collection and assessment of the flow field data. Testing consisted of seven test mission in the F-16 totaling 6.9 flight hours and one photo chase
mission in the T-38 totaling 1.3 flight hours. All testing occurred in the Restricted
Area 2508 airspace from 8 through 15 September at Edwards AFB, CA. Figure 49
shows the WASSP on the first test mission. Pre-flight actions focused primarily on
visual inspection of the WASSP prior to engine start and proper recording indications
in the cockpit prior to taxi. Return to base was accomplished using a straight-in approach to Edwards AFB Runway 22L and post flight ground operations consisted of
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stopping data recording and visually inspecting the WASSP

Figure 49. WASSP On F-16 Tail Number 391 During First Test Flight

The flight envelope was validated though methodical build up in dynamic pressure
in an e↵ort to minimize the risk of unexpected structural or aero-elastic e↵ects within
the flight envelope. The operating envelope for the WASSP was cleared by analysis
by AFSEO and was restricted to 0-30,000 feet pressure altitude, 550 KCAS or 0.95
Mach, and 0 to 3g. Validation of the envelope was accomplished using a series of
test points from 0.50 Mach to 0.93 Mach beginning at an altitude of 29,000 feet
pressure altitude and ending at an altitude of 10,000 feet pressure altitude. Test
points were performed at airspeeds corresponding to 0.50, 0.60, 0.70, 0.80, 0.90, and
0.93 Mach at each altitude. Test altitudes were 10,000, 15,000, 20,000, 25,000, and
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29,000 feet pressure altitude. Once established at each test altitude and airspeed,
the test pilot performed a trim shot, trimming the aircraft as closely as possible to
steady, unaccelerated, level flight. Once trimmed, the event function was used to
mark the data and the pilot held precise tolerances for a minimum of five seconds
prior to moving on to the next point. The first sortie was flown with a safety chase
aircraft that performed a visual inspection of the F-16 and WASSP after each altitude
band. Test points and flight profile are shown in Figure 50 and an image of the test
aircraft with Edwards AFB in the background is shown in Figure 51.

Figure 50. Flight Profile For Each Test Mission
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Figure 51. WASSP On F-16 Tail Number 391 With Edwards AFB In Background

3.3

Data Reduction
After landing, ENI technicians downloaded a Chapter 10 file from the WASSP

data and processed the file through Illiad R software to convert the raw data to
engineering units. The test pilot downloaded a separate Chapter 10 file from the
F-16 DAS and also processed the aircraft parametric data. Lastly, video files from
all three GoPro cameras were downloaded and stored to a portable hard drive for
analysis. All data was was input into Matlab R by reading in the CSV files and the
processed in accordance with the data analysis plan, detailed in Appendix A.

83

IV. Results And Analysis

4.1

Validation of Flight Envelope
The test team satisfactorily validated the AFSEO approved flight envelope for

WASSP while on the wing (station 7) of the F-16, shown in Figure 52. All planned
test points to validate the flight envelope were successfully flown in six of the seven
proposed configurations. Aircrew noted no undesirable flight characteristics. No
structural deficiencies were noted during testing. Although the flight envelope was
successfully validated, post flight inspection of all sensors, wiring, and external connectors revealed two instances of minor damage to WASSP components after some of
the flights. The first damage encountered on the WASSP was tuft fraying and loss,
the second was the loosening of a load cell bracket after one flight. This issue was
remedied immediately as described later.
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Figure 52. WASSP And F-16 Flight Envelope

Tuft loss in the WASSP was encountered after every flight. A major factor contributing to this loss was the reverse airflow in the cavity. Tufts were mounted facing
aft under the assumption that the predominant airflow would be circulating in the
front of the cavity and flowing front to aft at the rear of the cavity. This assumption
was based on CFD predictions of a similar rectangular cavity, shown in Figure 53 [26].
As will be discussed later, video of the cavity showed flow predominantly 180 degrees
opposite from the test team’s assumed direction. This combined with the hostile
unsteady environment to have detrimental e↵ects on tuft mounting and durability.
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Figure 53. CFD Flow Field Prediction Of Rectangular Cavity Of Similar Dimensions
[26]

Figures 54 through 56 show the progression of tuft loss throughout the test program, with the front of the pod to the left in each picture. Tufts were not replaced
after they were lost. While tuft loss was unintended, it did provide a valuable qualitative example of the e↵ect of turbulence and cumulative fatigue in the WASSP.
Tuft loss propagated forward and up from the aft lower corner. Per direction of tuft
loss, the highest cumulative fatigue was experienced on the lower-aft side. The lowest
cumulative fatigue was experienced on the upper-forward side. To prevent future tuft
loss the tufts should be mounted facing the front wall so they are not pulled against
the tape holding them in place. A synopsis of tuft loss throughout the test program is
given in Table 9. The F-16 used in testing was shared with another test team, HAVE
CENT, and the WASSP was flown once by the other team in-between flights 4 and
5. During the HAVE CENT flight, the WASSP was flown below 0.93M and 30,000
feet.
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Figure 54. Tuft Loss On Taxi Back From First Flight

Figure 55. Tuft Loss After Fourth Flight

Figure 56. Tuft Loss After Seventh Flight
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Table 9. Tuft Loss Synopsis

Flight

Missile

Tufts Lost

Total Tufts Missing

Number

Configuration

In Flight

(Post Flight)

1

4

1

1

2

5

3

4

3

6

6

10

4

6

1

11

HAVE CENT

2

1

12

5

2

5

17

6

3

2

19

7

empty

1

20

Post flight inspection following the third mission revealed that both the forward
and aft load cell brackets came loose in flight. Vibrations in the load cell bracket
due to turbulent flow in the cavity, a slight gap between the flat plate mount and
center bolt, and an insufficient amount of thread sealant applied to the center bolt
combined to slowly loosen the load cell brackets by approximately 1 thread. This
loosening equated to approximately 1/4 inch of lateral play in the missile (left and
right). The flight test videos were viewed after the completion of the sortie, and they
suggested that the loosening occurred gradually in flight. To avoid ambiguity in the
analysis, the data from the third flight were not used. The original design successfully
prevented further loosening of the screw, and the missile remained attached. Per
guidance from the test sponsor, AFRL/RQVI, configuration #6 was reflown at the
sacrifice of configuration #1. To secure the load cell for future flights, additional
88

thread sealant was applied to both bolts and tape was applied over the bolt faces and
mounting brackets. Both load cell brackets remained secure for all follow-on flights.
The original design is shown in Figure 57 and the modified design is shown on the
right side of Figure 58.

Figure 57. Original Load Cell Bracket And Mount Design

Figure 58. Modified Load Cell Bracket Design (Right Side)
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In addition to the small damages to the WASSP, there were two aerodynamic
phenomena that warrant attention for validation of the flight envelope. The first
aerodynamic phenomenon was bu↵et on the aircraft while carrying WASSP at all
altitudes approaching 0.93 Mach. This bu↵et was not enough to prohibit data collection and produced no noticeable e↵ect on the recorded data. The second aerodynamic
phenomena of note was aircraft yaw. Six out of seven test missions were flown with
the WASSP on station 7 and nothing on station 3. This asymmetric configuration
required moderate changes in rudder trim at each test condition to maintain coordinated flight at varying levels of dynamic pressure. The frequent changes to the rudder
trim were deemed as minor annoyances and did not distract from accomplishing the
test points. No more than one-third of the available rudder trim was used at any
time and the asymmetric configuration did not prohibit data collection. The seventh
flight was flown with configuration #0, the empty cavity baseline, but had to return
to base early with a minor F-16 emergency, unrelated to the WASSP. Daily flight test
reports (Form 5314) were completed after each flight and are contained in Appendix
C. In conclusion, the WASSP mounted on the F-16 validated the AFSEO approved
flight envelope. Issues with load cell data and tuft mounting were minor setbacks and
were quickly overcome. Flight safety was never in question. Bu↵et at high airspeed
and numerous rudder trim adjustments came as a small surprise but did not prohibit
data collection or envelope validation.

4.2

Acoustic Pressure Measurements
Flow field data were collected from the WASSP throughout the cleared flight

envelope and assessed for data quality. Acoustic pressures were recorded by five
pressure transducers, as shown in Figure 59. Four of the transducers were spaced
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evenly along the top of the cavity centerline, at x/L locations of 0.072, 0.342, 0.611,
and 0.928. The fifth transducer was located on the rear bulkhead of the cavity, at
z/H location of 0.550. These transducers were recorded throughout the flight at
a sample rate of 2000 Hz. Post flight reduction and analysis was performed using
PSD mathematical tool to resolve frequency content in Hertz. Additionally, SPL, in
decibels, was calculated for each test point as outlined in Appendix A. As mentioned
earlier, the missile was tested in the multiple configurations shown in Figure 60, and
configuration #0 denotes that the cavity was empty during that flight test.

Figure 59. Pressure Transducer Location In Cavity

Figure 60. Missile Configurations Tested
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Acoustic SPL was plotted against PSD frequency content for each and every test
point flown. In general, the PSD plots revealed results very close to the Rossiter
frequency predictions for each flight condition. As expected, the first three modes
were the closest to matching empirical predictions. Lower Mach number test points
resulted in a weaker first mode while higher Mach numbers resulted in a weaker third
mode. Again, this matched the previous findings of both Rossiter and Shaw [23, 28].
Additionally, modes one through three consistently matched predictions within 5
percent but modes four and five trended away from predictions. This was consistent
with Rossiter and Shaws previous research and shows a good match to literature and
expected test results [23, 28]. Roughly 30 test points were flown on each sortie and
the collected data showed remarkably consistent trends throughout the flight test.
Several samples of the results are shown below as indicative of the entire flight test.
All test data were archived with AFRL/RQVI.
Figure 61 shows the results of a test point performed at 29,000 ft PA, 0.50 Mach,
1.0g, and configuration #5. The dynamic pressure at these conditions was approximately 0.8 pounds per square inch (PSI). The horizontal axis depicts frequency, in
Hz, and the vertical axis depicts SPL, in dB. The individual colored lines each correspond to a di↵erent pressure transducer within the cavity, as shown in the legend.
Lastly, the three vertical black lines correspond to the predicted Rossiter tones for
the first three modes, shown left to right. Several important trends can be gleaned
from this figure. First, the actual Rossiter tones, recognized by spikes in the PSD,
very closely align to the predicted values for modes two and three. Mode one does
not clearly show a spike, as expected at this relatively slow Mach number. Secondly,
the pressure transducers registered a peak SPL of between approximately 120 dB
and 138 dB. Again, this very closely aligns with Shaws previous research and further
shows the validity of the data [26]. Lastly, while the pressure transducers consistently
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registered Rossiter tones at the same frequency, there was a definite increase in SPL
as location of measured pressure in the cavity was changed from the front to the
rear. Pressure transducer A, in the front of the cavity consistently read the lowest
SPL while pressure transducer E, on the aft wall of the cavity, consistently read the
highest SPL. The other pressure transducers followed this trend as well. Again, this
matches the prediction of an increasingly hostile environment from the front of the
cavity to the rear of the cavity.

Figure 61. PSD Of Acoustic Pressure (29,000’PA, 0.50 Mach, 1.0g, Configuration 5)

Figure 62 shows the results of a test point performed at 10,000 ft PA, 0.93 Mach,
1.0g, and configuration 5. This represents a flight condition at much higher Mach,
and thus much higher dynamic pressure of approximately 2.7 PSI. As predicted, the
first mode is now more pronounced while the third mode shows both lower SPL
magnitude and a di↵erence from the predicted frequency. At this higher Mach, the
peak SPL ranges from approximately 145 to 156 dB. This shows a marked increase
in SPL as Mach number is increased and matches very well in magnitude with Shaws
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previous flight test using the SUU-41 [26]. Modes one and two very closely match the
empirical predictions. The same general trend in increasing SPL as location is moved
from front to back is also evident.

Figure 62. PSD Of Acoustic Presssure (29,000’PA, 0.93 Mach, 1.0g, Configuration 5)

Figure 63 presents a PSD generated from pressure transducer D (#4) at various
Mach numbers. Three important trends are noticed, all matching predicted results.
One, the first mode is less pronounced at low Mach numbers while the third mode
is less pronounced at high Mach numbers. Secondly, SPL increases as Mach number
increases. Lastly, Rossiter tone frequency increases as Mach number increases. All
three of these results match predicted trends and further validate the pressure data
collected by WASSP.
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Figure 63. PSD Of Sound Pressure Level (Transducer D, Configuration 4)

Figure 64 displays the e↵ect, or lack thereof, of missile configuration on SPL at
29,000 ft PA and 0.5 Mach, a relatively low dynamic pressure (0.79 PSI). Figure 65
displays the same thing but at 10,000 ft PA and 0.8 Mach, a relatively high dynamic
pressure (2.77 PSI). As mentioned earlier, configuration #1 was not tested and the
baseline had limited results, so configurations two through six are depicted. While
the missile location greatly a↵ected the loads and accelerations felt by the missile,
the acoustic pressure itself was independent of missile position.
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Figure 64. E↵ect Of Configuration On SPL (29,000’ PA, 0.5 Mach)

Figure 65. E↵ect Of Configuration On SPL (10,000’ PA, 0.8 Mach)

Figure 66 displays the e↵ect, or lack thereof, of missile configuration on frequency
at 29,000 ft PA and 0.5 Mach while Figure 67 displays the results at 10,000 ft PA and
0.8 Mach. Again, there appears to be no real trend in the pressure data with missile
postion.
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Figure 66. E↵ect Of Configuration On Frequency (29,000’ PA, 0.5 Mach)

Figure 67. E↵ect Of Configuration On Frequency (10,000’ PA, 0.8 Mach)

Due to time constraints, the wiring for the acoustic pressure transducers was run
on the inside of the cavity where it was exposed to the hostile environment present
in and around the missile. This is shown in Figure 68. After several of the flights,
this wiring was frayed and beginning to come loose. It was fixed after each flight but
on the seventh and final flight, the connections to pressure transducer D finally broke
sometime in flight. While it is operationally realistic to have wires routed inside the
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weapons bay, this wiring design was not robust enough to withstand the severe flow
fields encountered.

Figure 68. Pressure Transducer And Associated Wiring

Overall, the pressure transducers within the WASSP accurately captured the
acoustic properties of the cavity flow and allowed comparison between all sensors.
Measured Rossiter tones very closely matched mathematical predictions in frequency
[23, 28]. Measured acoustic magnitudes, in dB, closely matched previous findings
[11]. The missile location within the WASSP cavity had negligible e↵ect on either the
frequency or magnitude of acoustic tones. The pressure transducers should be wired
internally or made more robust for all future flight testing to withstand the severe
flow fields encountered.

4.3

Loads
The WASSP DAS recorded loads data at 2,000 Hz. The instrumentation engineers

then used Illiad R computer software to reduce the raw Chapter 10 formatted data
and output a CSV file. This CSV file was then delivered to the test team for both
quick look analysis of the configuration tested and in-depth data processing and
analysis after all flights were complete. The WASSP data were examined in a cursory
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fashion to check for data quality, with focus on data dropout and instrumentation
malfunction. Upon a satisfactory quick look of WASSP data quality, the test team
plotted the pressure altitude, Mach, dynamic pressure, and load factor from the F16 DAS to check for successful F-16 DAS recording and to confirm the test points
were flown within the established tolerances. The WASSP data were then correlated
with the F-16 DAS data for the test point duration using inter-range instrumentation
group (IRIG) time stamps common to the two DAS systems.
Load data were collected from two S-type load cells on the missile. The first load
cell was located 7.15 inches and the second load cell was located 14.4 inches from the
nose, as seen in Figure 69. Positive loads indicated compression of the load cells or a
force pushing the missile back into the bay. Negative loads indicated tension of the
load cells or a force pulling the missile away from the bay. Roughly 30 test points
were flown on each sortie and the collected data showed remarkably consistent trends
throughout the flight test. Several samples of the results are shown later as indicative
of the entire flight test. All test data were archived with AFRL/RQVI.

Figure 69. S-Type Load Cells

Average AoA of the aircraft for each test point is shown in Figure 70. While
AoA was not measured directly for the WASSP, it is reasonable to assume negligible
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di↵erences between the aircraft’s AoA and the WASSP’s AoA due to level mounting
on the MAU-12. Thus, the di↵erence between the two is simply an unknown bias and
the figure below shows a good approximation of the WASSP’s AoA and accurate AoA
trend information throughout the region tested. The actual AoA of the missile to the
flow in the cavity however, was not measured in any way. This is important because
at higher aircraft AoA, the WASSP cavity was inherently exposed to a higher normal
component of the free stream. This increase in normal component most likely caused
an increase in normal force registered by the load cells purely due to increased AoA.
When the coefficient of normal force (CN ) is plotted against both aircraft AoA and
Mach however, as shown in Figure 71, Mach was the obvious driving factor. Table 10
shows the same results in tabular format. The following plots tie load on the missile
to Mach, which is the dominant independent variable.

Figure 70. F-16 Average Angle Of Attack (↵) For All Test Points
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Figure 71. Sample Plot Of CN , AoA, and Mach (Configuration #5, 20,000 feet PA)

Table 10. Sample CN , AoA, and Mach (Configuration #5, 20,000 feet PA)

Mach Number

AoA (deg)

CN

0.50

10.6

-0.2115

0.60

7.7

-0.0548

0.70

5.8

0.0175

0.80

5.2

0.2158

0.90

4.4

0.3922

0.93

4.2

0.3663

The top of Figure 72 shows F-16 recorded Mach versus time for the 25,000 feet
pressure altitude test run. The bottom of Figure 72 shows normal force on the missile,
defined as the sum of the two load cells, versus time for the same period. Observable
dips in load occur at approximately 100, 150, 220, and 240 seconds. These negative
101

loads correspond to turns the aircraft made for airspace management. During these
turns, overall load on the aircraft (Nz ) was increased above 1 g. This increased
aircraft loading led to negative loading, or tension, on the missile as expected. As
Mach number increased at a constant altitude, two trends are observable. First, the
mean of the load increased as Mach number increased. Secondly, the magnitude of
deviations around the mean load also increased as Mach number increased. Thus,
as Mach was increased, the normal force pushing on the missile increased and the
magnitude of fluctuations in force increased. The same trend can be seen in Figure
73, a similar plot for data collected at 29,000 feet pressure altitude.

Figure 72. Force And Mach Over Time (25,000 feet PA, Configuration #5)
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Figure 73. Force And Mach Over Time (29,000 feet PA, Configuration #5)

These trends are further seen in Figures 74 and 75. Here, the mean normal force of
each load cell is plotted with its associated standard deviation for each five second test
point. Configuration #5 (Figure 74) produced moderate change in the average normal
force as Mach increased, but the biggest change occurred in standard deviation. At
0.93 Mach and 10,000 feet pressure altitude, the load cells registered a swing of
nearly +/- 30 pounds at a very high frequency. These results represent an extremely
unsteady loading state on the missile. Configuration #6 (Figure 75) produced similar
results. Here, the mean normal forces are slightly less, but the standard deviations
are nearly identical. Thus, the missile inside the cavity was being subjected to severe
loading and unloading at an extremely high frequency. These conditions present a
“worst case” scenario for fatigue failure or damage of weapons.
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Figure 74. Load Cell Mean Force And Standard Deviation (10,000 feet PA, Configuration #5)

Figure 75. Load Cell Mean Force And Standard Deviation (10,000 feet PA, Configuration #6)

Equation 20 displays mathematical computation for the normal force coefficient,
CN , where FN is the normal force on the missile, q is the free-stream dynamic pressure,
and Sref is a reference area chosen as the cross-sectional area of the missile. Figures
104

76 through 80 display plots of CN for all test points with the missile in various
configurations. With the exception of configuration #4 (Figure 76), the general trend
observed is that CN increased as Mach increased at all altitudes. Thus, as the aircraft
accelerated in Mach, the missile transitioned from a negative CN , or tension away from
the bay, to a positive CN , being pushed into the bay, in most cases. This was not
true for configuration #4 which will be discussed below. Additionally, CN generally
increased as altitude increased. This was most likely due to the increased aircraft
AoA at higher altitudes discussed above but could have been driven by the decrease
in dynamic pressure as altitude increased. Also, the magnitude of CN is remarkably
consistent across the configurations, with a low of approximately -0.65 and a high of
approximately 0.82.
CN =

FN
qSref

(20)

From a store separation mindset, these results prove that a “one-size-fits-all” store
ejection is not ideal. As airspeed increased, the store transitioned from being pulled
away from the aircraft to being pushed into the aircraft. Thus, airspeed at release
would greatly a↵ect the initial separation and trajectory of the weapons. Even more
troublesome though is the unsteady loading, characterized by high frequency loading
and unloading of the store. As shown above, the standard deviation of the force
was much larger in magnitude than the average force itself. These conditions are
conducive to extreme fatigue failure on the store or suspension system and indicate
that any weapon release is highly time dependent for safe separation.
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Figure 76. Coefficient Of Normal Force (CN ) At Each Mach (Configuration #4)

Figure 77. Coefficient Of Normal Force (CN ) At Each Mach (Configuration #5)
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Figure 78. Coefficient Of Normal Force (CN ) At Each Mach (Configuration #6)

Figure 79. Coefficient Of Normal Force (CN ) At Each Mach (Configuration #2)
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Figure 80. Coefficient Of Normal Force (CN ) At Each Mach (Configuration #3)

Configuration #4 (Figure 76) did not fall in line with the other positions tested.
The general trend for this configuration was a decrease in CN as Mach increased until
0.70 Mach and then a slight increase in CN in the transonic range of 0.80 Mach to
0.93 Mach. This position in the cavity is a unique area because of the type of flow
commonly found in this region. The rear bulkhead of a weapons-cavity traditionally
has the highest pressures [14]. This was proven again in this research as shown in
Figures 61 and 62 where pressure transducer E, located on the rear bulkhead, read
the highest pressures. This high pressure air must relieve somewhere and a downward
flow field at the rear of the cavity as the air escapes past the rear lip of the bay is
logical. Figure 53, shown above, also illustrates this concept. At the top rear corner
of the cavity however, it stands to reason that the air may be more stagnant, waiting
to escape down the rear bulkhead, and cause a pocket of relatively low velocity air.
This is most likely causal in the di↵erence between configuration #4 and the other
tested positions. With the exception of the 0.5 Mach, 29,000 feet pressure altitude
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test point, configuration #4 resulted in the shallowest slope of all the configurations,
making it the most benign configuration tested. This result was further shown when
considering the moments on the store, as discussed below.
The moment about the missile’s center of gravity (Mcg ) was calculated in inchpounds using Equation 21. This moment was then converted to a non-dimensional
pitch moment coefficient (Cm ) using Equation 22, where q1 is the free-stream dynamic
pressure, Sref is a reference area chosen as the cross-sectional area of the missile, and
Lref is a reference length chosen as the diameter of the missile (1.23 inches). Figures
81 through 85 show plots of Cm for each configuration tested. All plots show consistent
trends but important di↵erences do exist between the configurations.

Mcg = 2.5847 ⇤ F orce(f ront)
Cm =

4.6853 ⇤ F orce(rear)

Mcg
q1 Sref Lref

(21)

(22)

The first consistent trend is that all configurations resulted in a positive pitching
moment at low Mach. A positive moment, as defined in Figure 5 from Chapter
II, is indicative of a nose up pitching moment about the missile’s center of gravity.
This result was as expected and matches previous research results [14]. The second
consistent trend was that pitching moment was reduced as Mach increased, signifying
a worse release condition at low speeds than high speeds. This result may partly be a
result of aircraft AoA decreasing as Mach increased. More importantly, even though
the normal force increased with Mach, the moment on the missile lessened, producing
better release conditions at higher speeds.
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Figure 81. Pitch Moment Coefficient (Cm ) At Each Mach (Configuration #4)

Figure 82. Pitch Moment Coefficient (Cm ) At Each Mach (Configuration #5)

110

Figure 83. Pitch Moment Coefficient (Cm ) At Each Mach (Configuration #6)

Figure 84. Pitch Moment Coefficient (Cm ) At Each Mach (Configuration #2)
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Figure 85. Pitch Moment Coefficient (Cm ) At Each Mach (Configuration #3)

Two configurations produced peculiar results, configuration #4 (Figure 81) and
configuraton #5 (Figure 82). Similarly to the CN results, configuration #4 had the
flattest slopes, signifying the least change throughout the region tested. Additionally, Cm values for configuration #4 were much lower in magnitude that the other
configurations tested. This is again most likely due to the relatively calmer flow field
present at the top of the cavity. Still, this configuration was consistent with the others
in that pitching moment generally decreased as Mach increased, signifying a worse
release condition at lower Mach than higher Mach airspeeds.
Configuration #5 also produced peculiar results, with Cm values much higher
than the other configurations tested. That being said, the general trend for this
configuration was similar to the other positions tested. To verify the results, raw
data was spot checked with hand calculations for several of the test points. An
investigation of beginning and ending bias of the load cells showed small changes,
but nothing inconsistent with the other configurations tested. Care was taken by
the ENI technicians during each configuration change to ensure proper orientation,
and load cells were clearly marked to avoid confusion during reassembly. Lastly, the
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same computer code was used for processing all data, ensuring a sign error was not
present. While further testing of this configuration would have been optimal, the
alloted flight hours were used to test as many configurations as possible. The most
logical explanation of the higher magnitude loads and moments at configuration #5
is that the flow field truly a↵ected the store the most in this position.
As discussed above, the rear bulkhead is the region of highest pressure in a
weapons-cavity and most CFD models predict a downward velocity in the rear section of the flow field. Configuration #4, as already mentioned, may be too high in
the cavity to experience this high velocity air, thus explaining the small CN and Cm
values. Configuration #6, which was certainly in the high velocity vertical flow, was
located at a z/H of 1.001. It is possible that this location, at the lower lip of the
pod, allowed enough area for the air to escape from the bay behind the missile’s tail
fins, thus applying much less downward force on the store while mounted in configuration #6. With the missile in configuration #5 however, at a z/H of 0.556, the store
may have been far enough down to experience the high velocity flow present on the
rear bulkhead but also too high to allow the air to escape past its fins, thus seeing
much larger nose up pitching moments than the other configurations. It is completely
logical that configuration #5 saw the greatest pitching moment due to its location
mid-way down the aft bulkhead and the flow field associated with this location.
Overall, the load cells within the WASSP accurately captured the loads and moments on the store within the cavity. Loads were very unsteady and grew in magnitude
as Mach increased. Most configurations experienced a negative load, or tension, at
low Mach numbers. As Mach increased, this load gradually transitioned to a positive
load, or compression on the load cells. The unsteadiness of the loads was remarkable, with standard deviations much larger in magnitude than the mean load value.
The missile saw an extremely unsteady environment in all configurations with cycli-
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cal loading at high frequency, roughly 300 Hz. With the exception of configuration
#4, the missile experience a strong pitching up moment at low Mach numbers. This
moment decreased in magnitude as Mach was increased.
4.4

Accelerometers
The WASSP DAS recorded acceleration data from two PCB Piezotronics model

352C33 single-axis accelerometers at 2000 Hz. One accelerometer was located in the
tail section of the scaled missile. The other was located above the cavity ceiling,
in the hard backing of the WASSP, and was not exposed to the flow inside the
cavity. These locations are shown in Figure 86. The initial concept during design
was that accelerations felt by the WASSP as a whole could be eliminated from the
data by subtracting the pod accelerometer data from the missile accelerometer data,
producing a true acceleration of only the missile in the flow field. In the actual flight
test, this concept had marginal utility, as accelerations were too unsteady to correlate
the two sensors. More will be discussed on this topic momentarily.

Figure 86. Accelerometer Location Within WASSP

Figure 87 shows the e↵ect of dynamic pressure on the missile accelerometer, as
the aircraft accelerated from 0.50 Mach to 0.90 Mach at 10,000 feet pressure altitude.
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As expected, the magnitude of the acceleration was proportional to the dynamic
pressure. As the airspeed increased, the missile experienced increasing levels of z-axis
acceleration. The two vertical lines depicted in the figure correspond with increases in
aircraft g loading due to turns. During these turns, cockpit readout of both Mach and
calibrated airspeed remained constant. During post flight data processing however,
F-16 DAS recorded Mach data were found to decrease under aircraft loading greater
than 1 g. This anomaly was reported to TPS/ENI for further investigation but had
no e↵ect on any of the 1 g, level flight test points. As the aircraft accelerated from
0.60 Mach to 0.93 Mach, the cyclical accelerations measured on the missile transition
from approximately +/- 0.2 g at 0.60 Mach to +/- 0.5 g at 0.93 Mach, a 250% increase
in acceleration.

Figure 87. Time Series Plot Of Mach And Missile Acceleromter (Configuration #5)
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Figure 88 is a power spectral density plot of all the sensors in the cavity, including
the accelerometer in the WASSP. The only significant frequency content registered
by the WASSP accelerometer occurred at approximately 205 Hz. Additionally, the
WASSP accelerometer only registered frequency content around this frequency, regardless of where the second Rossiter mode occurred, and only at Mach numbers
greater than 0.80. As discussed earlier, vibration was noticeable by the test pilots
at higher Mach numbers, and it is probable that a structural mode of the WASSP
was excited at higher airspeeds. This structural mode may have been felt by the
pilots and measured by the WASSP accelerometer. Future testing would benefit from
additional accelerometers in both the missile and the WASSP, allowing more precise
characterization of WASSP structural modes and missile angular accelerations.

Figure 88. PSD Of Sensors, 0.90 Mach, 10,000 feet PA (Configuration #5)
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Overall, the accelerometers provided valuable data for weapons-cavity research.
The accelerometers recorded extremely unsteady loads and accelerations on the missile in all configurations. Additionally, the unsteadiness of these accelerations grew as
Mach increased. The accelerometer in the back of the WASSP served little purpose
beyond possibly identifying the structural resonance of WASSP. Future testing should
include additional accelerometers in both the missile and the WASSP.

4.5

Data Synthesis
Figures 89 through 92 depict power spectral density plots of the forward load cell,

the rear load cell, the missile accelerometer, and pressure transducer B (second from
front) for various flight conditions with the missile in configuration #5. Here, pressure
transducer B has been biased +20 dB simply to make visual comparison in the figure
easier. The three vertical lines depicted on each figure graphically show the predicted
Rossiter tones for the first three modes at each flight condition, using Equation 8 from
Chapter II [23, 29]. The second mode Rossiter tone prediction was approximately 150
Hz for both test points at 0.60 Mach and approximately 200 Hz for both test points
flown at 0.90 Mach. In all cases, the second mode appeared to be the dominant tone
present in the cavity. The most important conclusion to be drawn from these plots
is that all sensors within the WASSP registered very consistent frequency content.
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Figure 89. PSD Of Sensors, 0.60 Mach, 10,000 feet PA (Configuration #5)

Figure 90. PSD Of Sensors, 0.90 Mach, 10,000 feet PA (Configuration #5)
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Figure 91. PSD Of Sensors, 0.60 Mach, 20,000 feet PA (Configuration #5)

Figure 92. PSD Of Sensors, 0.90 Mach, 20,000 feet PA (Configuration #5)

Figures 93 through 96 show similar PSD plots for configurations 2, 3, 4, and 6,
all at 20,000 feet PA and 0.90 Mach. Again, consistent frequency content is seen
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throughout. Just as Johnson, Grove, and Stanek asserted in 2008, the unsteady normal loads and accelerations are clearly induced by Rossiter tones [14]. This is evident
in all eight figures as both the front and rear load cells contained high frequency
content at the same frequency as pressure transducer B. The pressure transducers
were the best indicator of actual Rossiter tones present in the cavity. Additionally,
the missile accelerometer mirrored the frequency content of pressure transducer B,
further proving that Rossiter tones had a significant impact on the store at all flight
conditions tested.

Figure 93. PSD Of Sensors, 0.90 Mach, 20,000 feet PA (Configuration #2)
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Figure 94. PSD Of Sensors, 0.90 Mach, 20,000 feet PA (Configuration #3)

Figure 95. PSD Of Sensors, 0.90 Mach, 20,000 feet PA (Configuration #4)
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Figure 96. PSD Of Sensors, 0.90 Mach, 20,000 feet PA (Configuration #6)

Overall, spectral analysis of the WASSP proved that frequency content was extremely similar throughout the WASSP’s sensors.

Rossiter tones were certainly

present and applied forces and accelerations to the store. The consistency of the
spectral analysis is perhaps the greatest result of the WASSP. Not only does it lend
credence to the WASSP design, but this consistency further proves that Rossiter
tones do induce high-frequency loads and accelerations on a store in a weaponscavity. These high-frequency loads present a clear danger to weapons carriage and
store separation.

4.6

Video
Three GoPro R high definition video cameras were installed in the WASSP and

recorded wide field-of-view video at 120 FPS with 1280x720 resolution. The cameras
were mounted in the side wall of the cavity, behind reinforced Plexiglas protecting
the cameras from the unsteady cavity airflow. Two cameras were mounted in the
starboard wall looking across the cavity and the third camera was mounted in the
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forward bulkhead looking aft into the cavity. Figure 97 shows the forward section
of the cavity with GoPro R cameras behind the Plexiglas wall with the missile in
configuration #2. The port side wall was tufted with nylon paracord held in place
using aluminum speed tape. Tufts were used to enable visualization of the flow field
along the cavity sidewall. Each sidewall camera had a dedicated LED bar attached
ensuring ample lighting of the tufts. The cameras and lights received power from
the F-16 MAU-12 and ran continuously throughout the flight. A picture from the
each of the cameras mounted in WASSP is shown in Figure 98 with the missile in
configuration #4.

Figure 97. Forward Section Of WASSP With GoPro R Housing
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Figure 98. View From Each GoPro R Video Camera Mounted In WASSP

Video from each of the cameras in WASSP was reviewed following each sortie.
All seven test flights had complete video coverage. Over 24 total hours of video from
all three cameras were collected, consuming 536 GB of disk space. The large amount
of video data to review could have been reduced if video recording was controllable
from the cockpit, which it was not. At each stable test condition, video could have
been turned on and o↵ making video review of specific test conditions much easier.
Additionally, the operation required a ground crew member to hold up an IRIG time
display in front of each video camera to know the time at that instant in the video.
The length of time into each video from that point in time was then used to know the
current IRIG time in the video. The IRIG time for each test point was extracted from
the F-16 DAS data. The video was then lined up with the test point IRIG time to
view the 5 second portion of video. This required a large amount of post-processing
work to view just one 5 second period of stable test data and resulted in a significant
amount of superfluous video while consuming massive amounts of memory space.
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Video was reviewed in an attempt to find trends in the cavity flow based on test
conditions. However, due to computer hardware and software limitations available
for video analysis, acoustic frequencies well above the frame rate of the video cameras, and di↵erent flow at all locations in the weapon cavity, only limited qualitative
observations could be made. Furthermore, the tuft design was not optimized for the
WASSP flow field environment, making any real qualitative evaluation on the flow
field marginal. Digital copies of all the videos collected during test execution were
archived at AFRL/RQVI.
Tuft behavior is inherently qualitative in nature but video analysis could possibly
have been more beneficial if the frame rate was at least twice the acoustic frequency of
interest. Since the GoPro R cameras used in testing could only record up to 120 FPS,
the maximum acoustic frequency that could be determined from video analysis was
60 Hz. The first three dominant Rossiter tones observed during flight ranged from
approximately 60 Hz to 320 Hz. Figure 99 shows a sample frame by frame sequence
at 120 FPS. These images were recorded by the rear camera with the missile in
configuration #4. While general trends of the tufts can be deduced from the image,
such as reverse flow and hostile unsteadiness, actual frequency content cannot be
determined.
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Figure 99. Frame By Frame Of Video Footage From Aft Camera (Configuration #4)

Uniform flow across the width of the cavity was a necessary, yet obviously limiting
assumption to make. The airflow acting on the sidewall of the weapon cavity was
most likely slightly di↵erent than the airflow acting on the missile. Tufting the missile
could allow visualization of the airflow acting on the missile. This could provide better
qualitative data and even quantitative data if higher speed video recorders were used.
The video from the flights showed that the flow reversed in the cavity prior to
takeo↵ on all 7 flights. Flow reversal in the aft section of the cavity occurred first
at approximately 70 KCAS. Flow reversal was seen in the forward section of the
cavity starting at approximately 128 KCAS. For all test points, the aft section of the
cavity displayed the most intense separated flow and the forward section of the cavity
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displayed the steadiest reverse flow observed throughout the cavity. This result did
not match the CFD predictions discussed above. The lower frame rate of the cameras
made the film nothing more than qualitative in nature. The forces and moments
measured on the stores certainly match with the aforementioned prediction.
The magnitude of the unsteady and separated flow gradually ripped tufts o↵ and
unraveled paracord tufts during the flights. A picture of the tuft wall after the second
flight is shown in Figure 100. The general order that the tufts were being ripped o↵
by the violent airflow was from the aft bottom tuft towards the forward upper tuft.
This observation is in accordance with predictions of relative flow unsteadiness from
previous studies on cavity air flow [23, 26, 11].

Figure 100. Tufted Wall After Second Flight (Configuration #4)

The qualitative imaging of the flow field was marginal for visualizing and characterizing the flow within the cavity. The cameras provided some situational awareness
and some qualitative information about the flow direction and level of unsteadiness,
but increasing the video frames per second, tufting the missile, and redesigning the
tufts used on the wall of the cavity could greatly increase the value of having video
imagery. In addition, the cameras in the WASSP may be used for future store sep127

aration testing. Figure 101 shows the view from WASSP during takeo↵ on the first
test mission.

Figure 101. View From WASSP During Takeo↵ On First Test Mission
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V. Conclusion and Recommendations

5.1

WASSP’s Military Utility As A Weapons-cavity Test Bed
Unsteady flow over a cavity had been a major area of research for over six decades.

While the aeronautical community had a much better understanding than ever before,
more research was still needed [26]. Many wind tunnel tests on this subject had
been performed and resulted in moderately accurate empirical predictions of the
flow characteristics [3]. Actual flight tests on this topic, though relatively successful,
had been minimal. In regards to actual flight test, Dr. Ronald Deslandes states
“there is no alternative providing more data for engineering analysis [4].” Therefore,
additional flight tests that specifically look to quantify forces and moments on a store
mounted at various positions in a cavity for a variety of flight conditions were highly
desirable. Additionally, a low-cost flight test bed for further weapons cavity research
was priceless to the store separation community. Thus, this research set out to build
a pod to meet these needs.
The WASSP showed great potential for future use as a weapons-cavity acoustics
store separation test bed. The AFSEO approved flight clearance was validated and
the pod withstood the entire flight envelope with only minor issues. The WASSP
provided not only great learning opportunities from an academic standpoint but also
proved to be a fantastic test program for students at the USAF TPS. Future flight
test could easily be performed with a a variety of variations. First, the flight test
described here could simply be reaccomplished, continuing to build the knowledge
base of the store separations community and further validating the findings of this
thesis. Those test sorties lost to maintenance issues could be reflown, data could
be verified or corrected, and a truly build solid foundation could be built for future
WASSP research.
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Second, the bay could be modified to investigate the impact of cavity shape
changes. As mentioned earlier, minor changes to the rear bulkhead or cavity dimensions can have a great e↵ect on aero-acoustic properties. Comparisons between
the rectangular cavity tested here and any new setup would be not only useful but
also relatively easy to accomplish. Third, open-loop control techniques such as those
discussed in Chapter II could be implemented, investigating a direct comparison between the current WASSP cavity and

5.2

Summary Of Results
Acoustic Pressure Measurements.
Overall, the pressure transducers within the WASSP accurately captured the

acoustic properties of the cavity flow and allowed comparison between all sensors.
Measured Rossiter tones very closely matched mathematical predictions in frequency
[23, 28]. Measured acoustic magnitudes, in dB, closely matched previous findings
[11]. The missile location within the WASSP cavity had negligible e↵ect on either the
frequency or magnitude of acoustic tones. The pressure transducers should be wired
internally or made more robust for all future flight testing to withstand the severe
flow fields encountered.
Loads.
Overall, the load cells within the WASSP accurately captured the loads and moments on the store within the cavity. Loads were very unsteady and grew in magnitude
as Mach increased. Most configurations experienced a negative load, or tension, at
low Mach numbers. As Mach increased, this load gradually transitioned to a positive
load, or compression on the load cells. The unsteadiness of the loads was remarkable,
with standard deviations much larger in magnitude than the mean load value. The
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missile saw an extremely unsteady environment in all configurations with cyclical
loading at high frequency. With the exception of configuration #4, the missile experience a strong pitching up moment at low Mach numbers. This moment decreased
in magnitude as Mach was increased.
Accelerometers.
Overall, the accelerometers provided valuable data for weapons-cavity research.
The accelerometers recorded extremely unsteady loads and accelerations on the missile in all configurations. Additionally, the unsteadiness of these accelerations grew as
Mach increased. The accelerometer in the back of the WASSP served little purpose
beyond possibly identifying the structural resonance of WASSP. Future testing should
include additional accelerometers in both the missile and the WASSP.
Data Synthesis.
Overall, spectral analysis of the WASSP proved that frequency content was extremely similar throughout the WASSP’s sensors.

Rossiter tones were certainly

present and applied forces and accelerations to the store. The consistency of the
spectral analysis is perhaps the greatest result of the WASSP. Not only does it lend
credence to the WASSP design, but this consistency further proves that Rossiter
tones do induce high-frequency loads and accelerations on a store in a weaponscavity. These high-frequency loads present a clear danger to weapons carriage and
store separation.
Video.
The qualitative imaging of the flow field was marginal for visualizing and characterizing the flow within the cavity. The cameras provided some qualitative usefulness,
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but there is room for vast improvement in this area. Increasing the video frames per
second, tufting the missile, and redesigning the tufts used on the wall of the cavity
could all greatly increase the value of having video imagery. In addition, the cameras
in the WASSP may be used for future store separation testing.

5.3

Recommendations For Future Flight Test
Recommendation #1.
Install forward facing tufts on any future WASSP test programs.
Tufts were mounted facing aft under the assumption that the predominant airflow

would be circulating in the front of the cavity and flowing front to aft at the rear of
the cavity. This assumption was based on CFD predictions of a similar rectangular
cavity, shown in Figure 53 of Chapter II [26]. As was discussed previously, video of the
cavity showed flow predominantly 180 degrees opposite from the test team’s assumed
direction. This combined with the hostile unsteady environment to have detrimental
e↵ects on tuft mounting and durability. Further investigation should be performed
to determine optimal tuft thickness and direction to capture accurate qualitative flow
visualization.
Recommendation #2.
The acoustic pressure transducers should be redesigned so as to have wiring run
internal to the WASSP and not exposed to the cavity environment.
Due to time constraints, the wiring for the acoustic pressure transducers was run
on the inside of the cavity where it was exposed to the hostile environment present
in and around the missile. This was shown in Figure 68 of Chapter IV. After several
of the flights, this wiring was frayed and beginning to come loose. It was fixed after
each flight but on the seventh and final flight, the connections to pressure transducer
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D finally broke sometime in flight. While it is operationally realistic to have wires
routed inside the weapons bay, this design was not robust enough to withstand the
severe flow fields encountered. Further testing should be redesigned to protect the
wiring in order to enable more rubust flight test equipment.
Recommendation #3.
Create ability to turn on/o↵ video recording from the cockpit with positive feedback
that video is on/o↵.
All seven test flights had complete video coverage. Over 24 total hours of video
from all three cameras were collected, consuming 536 GB of disk space. The large
amount of video data to review could have been reduced if video recording was controllable from the cockpit. Once at each stable test condition, video could have been
turned on and o↵ making video review of specific test conditions much easier. Additionally, the operation required a ground crew member to hold up an IRIG time
display in front of each video camera to know the time at that instant in the video.
The length of time into each video from that point in time was then used to know
the current IRIG time in the video. The IRIG time for each test point was extracted
from the F-16 DAS data. The video was then lined up with the test point IRIG
time to view the 5 second portion of video. This required a large amount of postprocessing work to view just one 5 second period of stable test data and resulted in a
significant amount of superfluous video while consuming massive amounts of memory
space. Future testing should look to have all video time stamped with corresponding
IRIG time for faster post flight analysis.
Recommendation #4.
Incorporate additional accelerometers in missile and WASSP to better characterize
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structural modes of test bed.
The only significant frequency content registered by the WASSP accelerometer
occurred at approximately 205 Hz. Additionally, the WASSP accelerometer only
registered frequency content around this frequency, regardless of where the second
Rossiter mode occurred, and only at Mach numbers greater than 0.80. As discussed
earlier, vibration was noticeable by the test pilots at higher Mach numbers and it is
probable that a structural mode of the WASSP was excited at higher airspeeds. This
structural mode was both felt by the pilots and measured by the WASSP accelerometer. Future testing would benefit from additional accelerometers in both the missile
and the WASSP, allowing more precise characterization of WASSP structural modes
and missile angular accelerations.
Recommendation #5.
Investigate additional options for qualitative flow visualization.
The qualitative imaging of the flow field was marginal for visualizing and characterizing the flow within the cavity. The cameras provided some qualitative usefulness,
but increasing the video frames per second would allow much more precise analysis
of the flow. Such options as higher FPS recording or Schlieren imaging should be
investigated for any future flight test.
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DESIGN AND FLIGHT TEST OF A WEAPONS-CAVITY ACOUSTICS AND
STORE SEPARATION TEST BED

A. Data Analysis Plan

Appendix A begins on next page.
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Data Analysis Plan (DAP)
Objective 1: Validate Approved Flight Envelope
Objective 1
No analysis required.
Objective 2: Collect and Assess Flow Field Data

Required data

MOP 1
Parameter
q (psi)
M
P

Description
Dynamic Pressure. Derived from Mach and static pressure. These parameters are captured on F-16 DAS.
Mach. Captured on F-16 DAS.
Static pressure. Captured on F-16 DAS.
WASSP load cell force data. Captured on WASSP instrumentation recorder.
𝐹𝐹1 , 𝐹𝐹2
Acceleration WASSP accelerometer data. Captured on WASSP instrumentation recorder.
(g)
Calculate q using the following formula:
1
𝑞𝑞 = 𝛾𝛾𝛾𝛾𝑀𝑀2 , 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒
2

Step 1

Analysis Procedure

𝛾𝛾 = 𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑜𝑜 𝑠𝑠𝛾𝛾𝑒𝑒𝑠𝑠𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠 ℎ𝑒𝑒𝑟𝑟𝑟𝑟𝑠𝑠 (𝑟𝑟𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒 𝛾𝛾 = 1.4 𝑜𝑜𝑟𝑟𝑒𝑒 𝑟𝑟𝑟𝑟𝑒𝑒), 𝛾𝛾 = 𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 𝛾𝛾𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑎𝑎𝑒𝑒𝑒𝑒, 𝑟𝑟𝑎𝑎𝑎𝑎 𝑀𝑀 = 𝑀𝑀𝑟𝑟𝑠𝑠ℎ
Calculate the normal force (𝐹𝐹𝑁𝑁 ):
Step 2

𝐹𝐹𝑁𝑁 = 𝐹𝐹1 + 𝐹𝐹2
𝐹𝐹1 and 𝐹𝐹2 are obtained from the two load cells instrumented on the WASSP.

Step 3

Calculate the normal force coefficient (𝐶𝐶𝑁𝑁 ) using 𝐹𝐹𝑁𝑁 from Step 2:
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𝐶𝐶𝑁𝑁 =

𝐹𝐹𝑁𝑁
𝑞𝑞∗𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟

, where

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 is a reference area chosen as the cross-sectional area of the missile.
Calculate the moment about the center of gravity (MCG). Calculate the moment coefficient (Cm) using MCG, where L is the
length of the missile (18 inches).
𝑀𝑀𝐶𝐶𝐶𝐶 = 2.5847 ∗ 𝐹𝐹1 − 4.6853 ∗ 𝐹𝐹2

Step 4

𝐶𝐶𝑚𝑚 =
Step 5
Final data product.

𝑀𝑀𝐶𝐶𝐶𝐶
𝑞𝑞 ∗ 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 ∗ 𝐿𝐿

Time domain will be converted to frequency domain (Hz) using the FFT function in MATLAB.

Plots of:
• Loads (lbs) vs. q (psi)
• Loads (lbs) vs. store position
• Loads (lbs) vs. time (sec)
• Moment (ft-lb) vs. q (psi)
• Moment (ft-lb) vs. time (sec)
• Acceleration (g) vs. q (psi)
• Acceleration (g) vs. time (sec)
• Acceleration (g) vs. frequency (Hz)
• Acceleration (g) vs. store position

An
l

Required
data

MOP 2
Parameter
q (psi)
M
𝑃𝑃′
Step 1

Description
Dynamic Pressure. Derived from Mach and static pressure. These parameters are captured on F-16 DAS.
Mach. Captured on F-16 DAS.
Measured unsteady pressure from the pressure transducer. Captured on WASSP instrumentation recorder.
Calculate predicted Rossiter frequencies (𝑜𝑜𝑚𝑚 ) from Shaw’s empirical equation (below):
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𝑀𝑀 ∗ 𝑠𝑠
(𝑎𝑎−∝)
𝐿𝐿
𝑜𝑜𝑚𝑚 =
𝑀𝑀
+ 1.57
(1 + .2𝑀𝑀2 ).5
Where 𝑎𝑎 is the Rossiter mode (1, 2, 3, etc.), 𝑀𝑀 is the Mach number, 𝑠𝑠 is the local speed of sound, and ∝ is a constant that
varies with the ratio of length over depth (L/D) of the cavity and is equal to 0.5 for the L/D = 4 for WASSP.

Calculate the sound pressure level (SPL) and fluctuating pressure level (FPL) in decibel (dB) using equations below:
𝑃𝑃′

𝑆𝑆𝑃𝑃𝐿𝐿 = 20 ∗ log(2.9𝑥𝑥10𝑟𝑟𝑟𝑟𝑟𝑟
−9 𝑝𝑝𝑝𝑝𝑝𝑝 )
Step 2

𝐹𝐹𝑃𝑃𝐿𝐿 = 20 ∗ log �

𝑃𝑃′ 𝑟𝑟𝑚𝑚𝑝𝑝
2.9𝑥𝑥10−9
� = 𝑆𝑆𝑃𝑃𝐿𝐿 + 20 ∗ log(
)
𝑞𝑞
𝑞𝑞

Where 𝑃𝑃′ 𝑟𝑟𝑚𝑚𝑝𝑝 is the root-mean square of the measured unsteady pressure and 𝑞𝑞 is the dynamic pressure.
Step 3
Final data product.

Time domain will be converted to frequency domain (Hz) using the FFT function in MATLAB.

Plots of:
•
•
•

Magnitude of acoustic pressure (dB) vs. q (psi)
Magnitude of acoustic pressure (dB) vs. frequency (Hz) for each configuration
Frequency (Hz) vs. q (psi)
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B. Data Acquisition System Parameters

Appendix B begins on next page.
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Parameter

Description
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Units
DEGREES
DEGREES
FEET
FEET
KNOTS
MACH
KNOTS
DEGREES (F)
FEET
DEGREES
DEGREES
DEG/SEC
DEG/SEC
DEG/SEC
G's
FT/SEC
FT/SEC
FT/SEC
FT/SEC
FT/SEC
DEGREES
(FT/SEC)SQ
G's
(FT/SEC)SQ
G's
(FT/SEC)SQ
G's
G's
G's
DAYS
HHMMSSS
SECONDS
--CELSIUS
PSIA
PSIA
PSIA
PSIA
PSIA
PSIA
--Lbf
Lbf
-----

Source

WASSP

ANGLE_OF_ATTACK (Boom)
ANGLE_OF_SIDE_SLIP (Boom)
PRESSURE ALTITUDE
BARO ALTITUDE
TRUE AIR SPEED
MACH
CALIBRATED AIR SPEED
FREE STREAM AIR TEMP
GPS_ALT_FEET
GPS_LATITUDE
GPS_LONGITUDE
ROLL RATE
PITCH RATE
YAW RATE
NZ
VELOCITY X
VELOCITY Y
VELOCITY Z
ROLL ANGLE
PITCH ANGLE
TRUE HEADING
LONG ACCELERATION (X)
LONG ACCELERATION (X)
LATERAL ACCELERATION (Y)
LATERAL ACCELERATION (Y)
Z ACCELERATION
Z ACCELERATION
CAVITY ACCELEROMETER
HALFRAAM ACCELEROMETER
HIGHT TIME
LOW TIME
MICRO TIME
TIME CODE STATUS
DAS INTERNAL TEMPERATURE
KULITE #1
KULITE #2
KULITE #3
KULITE #4
KULITE #5
KULITE #6
SUB FRAME ID
LOAD CELL #1
LOAD CELL #2
SYNC WORD 0
SYNC WORD 1

F-16 Data Acquisition System (DAS)

AOA
AOSS
C007_02B
C007_03
C007_04B
C007_05B
C007_06B
C007_10B_F
GPS_ALT_FEET
GPS_LAT_DEGS
GPS_LONG_DEG
DEG125_12
DEG125_13
DEG125_14
DEG125_17
IN001_03D_A
IN001_05C
IN001_07C
IN001_10C_DEG
IN001_11C_DEG
IN001_12C_DEG
IN001_14C
IN001_14C_G
IN001_15C
IN001_15C_G
IN001_16C
IN001_16C_G
ACCEL1
ACCEL2
IRIG_HT
IRIG_LT
IRIG_MT
IRIG_TCSTAT
MDAUTEMP
P1
P2
P3
P4
P5
P6
SFID1
STRIAN1
STRIAN2
SYNC0
SYNC1

C. Daily Flight Test Reports (Form 5314)

Appendix C begins on next page.
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DAILY/INITIAL FLIGHT TEST REPORT
3.

1. AIRCRAFT TYPE

2. SERIAL NUMBER

F-16

87-0391

CONDITIONS RELATIVE TO TEST

A. PROJECT / MISSION NO

B. FLIGHT NO / DATA POINT

C. DATE

Have WASSP

Flight #1 – Missile Config #4

08 Sep 2015

D. FRONT COCKPIT (Left Seat)

E. FUEL LOAD

F. JON

Capt Probst, Zachary

7,960 lbs

998C1400

G. REAR COCKPIT (Right Seat and rest of crew)

H. START UP GR WT / CG

I. WEATHER

Capt Davis, Brian

~ 30,400 pounds

SKC

J. TO TIME / SORTIE TIME

K. CONFIGURATION / LOADING

L. SURFACE CONDITIONS

1048 Local / 1.2

Centerline tank, Sniper Pod, WASSP Sta 7

Dry

M. CHASE ACFT / SERIAL NO

N. CHASE CREW

O. CHASE TO TIME / SORTIE TIME

T-38C/8112

LtCol Digiciamo / Ms. Zapka

1046 Local / 1.2

4. EXECUTIVE SUMMARY/RECOMMENDATIONS

The WASSP pod was flown on station 7 of F-16 #391 on 8 September 2015. The WASSP was configured with the missile in position #4
(aft, high). Weather was clear with variable winds, temperature was 27ºC, and pressure altitude was 2246’. The winds aloft were mostly
out of the West/Northwest at 5-10 knots. The average temperature was approximately 17º above the ISA.
An airborne pickup was performed with the T-38 and the departure was flown to FL290 with airspeed constant between 300-320 KCAS.
A visual check from chase was performed passing FL250 and then the test aircraft was slowed onto conditions for the first test point at
0.5 Mach and 29,000’ PA. Multiple points were flown at each test altitude (as shown below) and a visual check was performed after the
completion of each altitude’s set of test points. Chase was able to visually inspect the pod each time and never noticed anything out of
the ordinary. Once complete with all 1G points, the test aircrew went back to 15,000’ PA and accomplished further AOA testing. Any
turns required for airspace management were also used to record Angle of Attack at a constant dynamic pressure.

The test points highlighted in yellow are the test aircrew’s recommendation for points to spend the time and fuel on gathering AOA data.
All other points should simply be flown at 1g unless needed for area management. The pilot noted that the rudder trim changed greatly
relative to airspeed and required aggressive management to stay in good trim. The pilot also noted that flying KCAS provided much
higher fidelity for airspeed management once established at desired Mach.
Recommendations:
-Press with test in next configuration.
-Pay close attention to rudder trim and update often.
-Fly 1g test point at all Mach/altitude combination and focus on AOA data collection at the four points highlighted in yellow above.

COMPLETED BY

SIGNATURE

ZACHARY A. PROBST, Capt, USAF

//signed/zap/8 Sep 15//
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DATE

20150908

1. AIRCRAFT TYPE

DAILY/INITIAL FLIGHT TEST REPORT
3.

2. SERIAL NUMBER

F-16

87-0391

CONDITIONS RELATIVE TO TEST

A. PROJECT / MISSION NO

B. FLIGHT NO / DATA POINT

C. DATE

Have WASSP

Flight #2 – Missile Configuration #5

08 Sep 2015

D. FRONT COCKPIT (Left Seat)

E. FUEL LOAD

F. JON

Capt Meleen, Glenn

7,960 lbs

998C1400

G. REAR COCKPIT (Right Seat and rest of crew)

H. START UP GR WT / CG

I. WEATHER

Capt Alsleben, Matthew

~ 30,400 pounds

SKC

J. TO TIME / SORTIE TIME

K. CONFIGURATION / LOADING

L. SURFACE CONDITIONS

1511 Local / 1.1

Centerline tank, Sniper Pod, WASSP Station 7

Dry

M. CHASE ACFT / SERIAL NO

N. CHASE CREW

O. CHASE TO TIME / SORTIE TIME

N/A

N/A

N/A

4. EXECUTIVE SUMMARY/RECOMMENDATIONS

The WASSP pod was flown on station 7 of F-16 #391 on 8 September 2015. The WASSP was configured with the missile in position #5
(aft, medium). Weather was clear with variable winds, temperature was 34ºC, and pressure altitude was 2265’. The winds aloft were
mostly out of the West/Northwest at 5-10 knots. The average temperature was approximately 23º above the ISA.
The mission was briefed and flown as a single ship. Multiple aircraft in R-2515 forced us into Isabella airspace. Test points were flown
sequentially starting at .5 Mach and 10,000 MSL before accelerating out. Once the .93 Mach point was attained at 10,000’ we zoomed up
to arrive at the next altitude block at .5 Mach. Our completed test matrix is given below.

Mach
Alt

0.5

0.6

0.7

0.8

0.9

0.93

1g

1g

1g

1g

1g

1g

1g

1g

1g
2g
2.8g
1g

1g

1g

1g

1g

1g

1g
2g
2.8g

1g
2g
2.8g

1g
2g
2.8g
1g

1g
2g
2.8g
1g

1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g

29k'

25k'

20k'

15k'

10k'

1g

1g

1g

1g

Recommend that future flights attain the G points given in yellow above. All other points should be flown at 1 G unless needed for area
management. Rudder trim changed greatly relative to airspeed and required aggressive management to stay in good trim. A noticeable
buffet appeared at all altitudes at .93 Mach. Post-flight walk around revealed 4 tuffs missing on the lower aft side of the weapons cavity.
Recommendations:
-Press with test in next configuration.
-Pay close attention to rudder trim and update often.
-Fly 1g test points at all Mach/altitude combinations and focus on AOA data collection at the points highlighted in yellow above.

COMPLETED BY

SIGNATURE

GLENN M. MELEEN, Capt, USAF

//signed/gmm/8 Sep 15//
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DATE

20150908

1. AIRCRAFT TYPE

DAILY/INITIAL FLIGHT TEST REPORT
3.

2. SERIAL NUMBER

F-16

87-0391

CONDITIONS RELATIVE TO TEST

A. PROJECT / MISSION NO

B. FLIGHT NO / DATA POINT

C. DATE

Have WASSP

Flight #3 – Missile Configuration #6

09 Sep 2015

D. FRONT COCKPIT (Left Seat)

E. FUEL LOAD

F. JON

Capt Probst, Zachary

7,960 lbs

998C1400

G. REAR COCKPIT (Right Seat and rest of crew)

H. START UP GR WT / CG

I. WEATHER

Capt Alsleben, Matthew

~ 30,400 pounds

BKN150

J. TO TIME / SORTIE TIME

K. CONFIGURATION / LOADING

L. SURFACE CONDITIONS

0853 Local / 1.1

Centerline tank, Sniper Pod, WASSP Station 7

Dry

M. CHASE ACFT / SERIAL NO

N. CHASE CREW

O. CHASE TO TIME / SORTIE TIME

N/A

N/A

N/A

4. EXECUTIVE SUMMARY/RECOMMENDATIONS

The WASSP pod was flown on station 7 of F-16 #391 on 9 September 2015. The WASSP was configured with the missile in position #6
(aft, low). Weather was broken at 15,000’ PA with variable winds, temperature was 27ºC, and pressure altitude was 2246’. The winds
aloft were mostly out of the West/Northwest at 5-10 knots. The average temperature was approximately 16º above the ISA.
The mission was briefed and flown as a single ship. The test flight was initially flown between Koehn and Cudde Back, and then
transitioned to Black Mountain. Test points were flown sequentially starting at .5 Mach and 10,000 MSL and accelerating level out to
0.93 Mach. Once the .93 Mach point was attained at 10,000’ we zoomed up to arrive at the next altitude block at .5 Mach. Our completed
test matrix is given below.

Mach
Alt

0.5

0.6

0.7

0.8

0.9

0.93

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g
2g
2.8g

1g
2g
2.8g
1g

1g
2g
2.8g
1g

1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g

29k'

25k'

20k'

15k'

10k'

1g

1g

1g

1g

1g

A noticeable buffet appeared at all altitudes at .93 Mach. Post-flight walk around revealed 6 more tufts missing (10 total) on the lower aft
side of the weapons cavity. Several of the ties holding the wire bundles together were destroyed or missing. Additionally, the bolts
holding the strut to the top of the cavity had loosened approximately one thread, allowing lateral play in the missile.
Recommendations:
-Fix loose screw and refly configuration #6.
-Start at FL290 to try and sandwich the data that may have been lost due to starting at 10,000’ PA.
-Make sure front seater is using “event” button for all 1G points.
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DATE

20150908

1. AIRCRAFT TYPE

DAILY/INITIAL FLIGHT TEST REPORT
3.

2. SERIAL NUMBER

F-16

87-0391

CONDITIONS RELATIVE TO TEST

A. PROJECT / MISSION NO

B. FLIGHT NO / DATA POINT

C. DATE

Have WASSP

Flight #4 – Missile Configuration #6

09 Sep 2015

D. FRONT COCKPIT (Left Seat)

E. FUEL LOAD

F. JON

Capt Meleen, Glenn

7,960 lbs

998C1400

G. REAR COCKPIT (Right Seat and rest of crew)

H. START UP GR WT / CG

I. WEATHER

Capt Davis, Brian

~ 30,400 pounds

Isolated Thunderstorms in the Area

J. TO TIME / SORTIE TIME

K. CONFIGURATION / LOADING

L. SURFACE CONDITIONS

1340 Local / 1.0

Centerline tank, Sniper Pod, WASSP Station 7

Dry

M. CHASE ACFT / SERIAL NO

N. CHASE CREW

O. CHASE TO TIME / SORTIE TIME

N/A

N/A

N/A

4. EXECUTIVE SUMMARY/RECOMMENDATIONS

The WASSP was flown on station 7 of F-16 #391 on 9 September 2015. The WASSP was configured with the missile in position #6 (aft,
low). This was the same missile configuration as flight #3. A loose missile discovered on the flight #3 post flight forced us to repeat
missile position #6 data collection. Not knowing if the missile would come loose again we ran the profile starting high and slow
(opposite of flight #3). Weather was isolated thunderstorms in the area, temperature was 37ºC, and pressure altitude was 2370’. The
winds aloft were mostly out of the West/Northwest at 5-10 knots. The average temperature was approximately 25º above the ISA.
The mission was briefed and flown as a single ship. We flew the mission in R-2515 Black Mountain from 10-30k. Test points were
flown sequentially starting at .5 Mach and 29,000 MSL before accelerating out. Once the .93 Mach point was attained at 29,000’ we
descended to arrive at the next altitude block at .5 Mach. Our completed test matrix is given below.

Mach
Alt

0.5

0.6

0.7

0.8

0.9

0.93

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g
2g
2.8g

1g
2g
2.8g

1g
2g
2.8g
1g

1g
2g
2.8g
1g

1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g

29k'

25k'

20k'

15k'

10k'

1g

1g

1g

1g

1g

Recommend that future flights attain the G points given in yellow. All other points should be flown at 1 G unless needed for area
management. The noticeable buffet we felt yesterday at .93 Mach was not as evident today. During our preflight walk around we counted
10 tuffs missing. Post-flight walk around revealed 11 tuffs missing on the lower aft side of the weapons cavity. I evented the WASSP
DAS at all 1 G points.
Recommendations:
-Press with test in next configuration.
-Fly 1g test points at all Mach/altitude combinations and focus on AOA data collection at the points highlighted in yellow above.
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DATE

20150909

1. AIRCRAFT TYPE

DAILY/INITIAL FLIGHT TEST REPORT
3.

2. SERIAL NUMBER

F-16

87-0391

CONDITIONS RELATIVE TO TEST

A. PROJECT / MISSION NO

B. FLIGHT NO / DATA POINT

C. DATE

Have WASSP

Flight #5 – Missile Configuration #2

10 September 2015

D. FRONT COCKPIT (Left Seat)

E. FUEL LOAD

F. JON

Capt Meleen, Glenn

7,960 lbs

998C1400

G. REAR COCKPIT (Right Seat and rest of crew)

H. START UP GR WT / CG

I. WEATHER

Capt Davis, Brian

~ 30,400 pounds

SKC

J. TO TIME / SORTIE TIME

K. CONFIGURATION / LOADING

L. SURFACE CONDITIONS

1329 Local / .8

Centerline tank, Sniper Pod, WASSP 7, CENT 3

Dry

M. CHASE ACFT / SERIAL NO

N. CHASE CREW

O. CHASE TO TIME / SORTIE TIME

N/A

N/A

N/A

4. EXECUTIVE SUMMARY/RECOMMENDATIONS

The WASSP was flown on station 7 of F-16 #391 on 10 September 2015. The WASSP was configured with the missile in position #2
(forward, middle). Weather was not a factor. Temperature was 35ºC, and pressure altitude was 2274’. The winds aloft were mostly out of
the West at 10 knots. The average temperature was approximately 24º above the ISA.
The mission was briefed and flown as a single ship. We flew the mission in Isabella from 20-29K and in R-2515 from 10-15K. Test
points were flown sequentially starting at .5 Mach and 29,000 MSL before accelerating out. Once the .93 Mach point was attained at
29,000’ we descended to arrive at the next altitude block at .5 Mach. The max speed we could get at 10,000’ was 525C and .92M (within
tolerance). My previous 2 flights we were able to get to .93 at 10K. Our completed test matrix is given below.

Mach
Alt

0.5

0.6

0.7

0.8

0.9

0.93

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g
2g
2.8g

1g
2g
2.8g

1g
2g
2.8g
1g

1g
2g
2.8g
1g

1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g

29k'

25k'

20k'

15k'

10k'

1g

1g

1g

1g

1g

Recommend that future flights attain the G points given in yellow. All other points should be flown at 1 G unless needed for area
management. Buffet at .93 Mach was noticeable but weak. During our preflight walk around we counted 12 tuffs missing (Have CENT
lost a tuff on our pod last). Post-flight walk around revealed 17 tuffs missing on the lower aft side of the weapons cavity. I evented the
WASSP DAS at all 1 G points. Post-flight walk around also revealed 3 loose screws on the top of the WASSP.
Recommendations:
-Press with test in next configuration.
-Fly 1g test points at all Mach/altitude combinations and focus on AOA data collection at the points highlighted in yellow above.
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20150910

1. AIRCRAFT TYPE

DAILY/INITIAL FLIGHT TEST REPORT
3.

2. SERIAL NUMBER

F-16

87-0391

CONDITIONS RELATIVE TO TEST

A. PROJECT / MISSION NO

B. FLIGHT NO / DATA POINT

C. DATE

Have WASSP

Flight #6 – Missile Configuration #3

11 September 2015

D. FRONT COCKPIT (Left Seat)

E. FUEL LOAD

F. JON

Capt Probst, Zachary

7,960 lbs

998C1400

G. REAR COCKPIT (Right Seat and rest of crew)

H. START UP GR WT / CG

I. WEATHER

Mr. Alsleben, Matt

~ 30,400 pounds

SKC

J. TO TIME / SORTIE TIME

K. CONFIGURATION / LOADING

L. SURFACE CONDITIONS

1154 Local / 1.2

Centerline tank, Sniper Pod, WASSP 7, CENT 3

Dry

M. CHASE ACFT / SERIAL NO

N. CHASE CREW

O. CHASE TO TIME / SORTIE TIME

N/A

N/A

N/A

4. EXECUTIVE SUMMARY/RECOMMENDATIONS

The WASSP was flown on station 7 of F-16 #391 on 11 September 2015. The WASSP was configured with the missile in position #3
(forward, low). Weather was not a factor. Temperature was 34ºC, and pressure altitude was 4717’. The winds aloft were mostly out of
the West at 10 knots. The average temperature was approximately 16º-19º above the ISA. Moderate turbulence was noted at both 10,000’
PA and 15,000’ PA.
The mission was briefed and flown as a single ship. The mission was flown primarily in R-2524. Test points were flown sequentially
starting at .5 Mach and 29,000 MSL before accelerating out to 0.93 Mach. This was repeated at each altitude indicated below. Points
highlighted in yellow consisted of a 1g trim shot, a 2g stabilized turn, and a 2.8g stabilized turn. All other points consisted of a 1g trim
shot.

Mach
Alt

0.5

0.6

0.7

0.8

0.9

0.93

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g

1g
2g
2.8g

1g
2g
2.8g
1g

1g
2g
2.8g
1g

1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g
1g
2g
2.8g

29k'

25k'

20k'

15k'

10k'

1g

1g

1g

1g

1g

Recommend that future flights attain the G points given in yellow. All 1g points were “evented” by the front seater on the WASSP DAS.
All test points were “evented” by the back seater on the F-16 DAS.
Recommendations:
-Press with test in next configuration.
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1. AIRCRAFT TYPE

DAILY/INITIAL FLIGHT TEST REPORT
3.

2. SERIAL NUMBER

F-16

87-0391

CONDITIONS RELATIVE TO TEST

A. PROJECT / MISSION NO

B. FLIGHT NO / DATA POINT

C. DATE

Have WASSP

Flight #7 – Baseline

15 September 2015

D. FRONT COCKPIT (Left Seat)

E. FUEL LOAD

F. JON

Maj Strafaccia, Josh

7,960 lbs

998C1400

G. REAR COCKPIT (Right Seat and rest of crew)

H. START UP GR WT / CG

I. WEATHER

Mr. Alsleben, Matt

31,339 pounds / 37.92%

SCT045 BKN100 BKN240

J. TO TIME / SORTIE TIME

K. CONFIGURATION / LOADING

L. SURFACE CONDITIONS

1228 Local / 0.5

Centerline tank, Sniper Pod, WASSP 7, CENT 3

Dry

M. CHASE ACFT / SERIAL NO

N. CHASE CREW

O. CHASE TO TIME / SORTIE TIME

N/A

N/A

N/A

4. EXECUTIVE SUMMARY/RECOMMENDATIONS

The WASSP was flown on station 7 of F-16 #391 on 15 September 2015. The baseline WASSP configuration was flown (no missile).
Weather was a factor and made 10K points difficult to attain due to broken layers of clouds. Temperature was 27ºC, and pressure altitude
was 2320’. The winds aloft were mostly out of the West at 20-50 knots. The average temperature was approximately 10º-15º above the
ISA. Moderate turbulence was noted at 10,000’ PA.
The mission was briefed and flown as a single ship. The mission was flown R-2515. Test points were flown sequentially starting at .5
Mach and 10,000 MSL before accelerating out to 0.93 Mach. During the climb to 15,000 MSL, the Master Caution light, NO RAD (in
HUD) and Equip Hot light illuminated. Testing was terminated and an early RTB was eventually required. The points below were
obtained before RTB.

Mach
Alt
10k'

0.5

0.6

0.7

0.8

0.9

0.93

1g

1g
2g
2.8g

1g

1g

1g

1g

Recommend that one additional sortie be flown to complete the required baseline data points.

COMPLETED BY

SIGNATURE

DATE

JOSHUA A. STRAFACCIA, Maj, USAF

//signed/jas/15 Sep 15//

20150915

148

Bibliography
1. Cain, A.B., W.W. Bower, F. McCotter, and W.W. Romer. “Modeling and prediction of weapons bay acoustic amplitude and frequency”. VEDA Inc., 373–399,
1996.
2. Cary, A.C. and L.P. Wesley. “Airframe Integration of Modern SStore (AIM), Delivery Order 0031: Phase II & III, Analytical Predictions & Validation Testing”.
Air Force Research Laboratory, Dayton, OH, 2006.
3. Cattafesta, Louis, David Williams, Clancy Rowley, and Farrukh Alvi. “Review
of active control of flow-induced cavity resonance”. AIAA Paper, 3579, 2003.
4. Cenko, Alex, Ronald Deslandes, Marnix Dillenius, and Michael Stanek. “UnsNeeds Weapon Bay Aerodynamics - Urban Legend or Flight Clearance Nightmare”. 46th AIAA Aerospace Sciences Meeting and Exhibit, 189. 2008.
5. Christensen, B.A.

Transonic Wind Tunnel Testing of Extremely High O↵-

Boresight Maneuver for Missile Concept. Master’s thesis, Air Force Institute
of Technology, 2014.
6. Cooper. LFS 250 Hermetically Selaed S-Beam Load Cell. Cooper Instruments.
URL www.cooperinstruments.com.
7. Deltatron.

Deltatron Calibration Acceleromter Type 4533-B.

Deltatron Ac-

celerometers, 2014.
8. Dix, R.E. and R.C. Bauer. Experimental and theoretical study of cavity acoustics.
Technical report, DTIC Document, 2000.
9. Dix, Richard E. and Carroll Butler. Cavity aeroacoustics. Technical report, DTIC
Document, 1990.
149

10. Gordon, A.R. and J.M. Cialini. Design, Development, and Testing of a Gravel
Mine Canister for the Tactical Fighter Dispenser. Technical report, DTIC, 1969.
11. Grove, James, Leonard Shaw, John Leugers, and Graham Akroyd.

“US-

AF/RAAF F-111 flight test with active separation control”. AIAA paper, 9:239,
2003.
12. Grove, James E., Mark A. Pinney, and Michael J. Stanek. “A Cooperative Response To Future Weapons Integration Needs”. Applied Vehicle Technology Panel,
Symposium on Aircraft Weapon System Compatibility and Integration, NATOR&T Organization, 24. 1998.
13. Honeywell. Sensotec Model GM Digital Display / Signal Condiioner. Honeywell
International. URL www.honeywell.com/sensing.
14. Johnson, Rudy A., Michael K. Stanek, and James E. Grove. “Store Separation Trajectory Deviations Due to Unsteady Weapons Bay Aerodynamics”. 46th
AIAA Aerospace Sciences Meeting and Exhibit, Reno, NV, volume 2008-188.
2008.
15. Jordan, J.K. and A.G. Denny. “Approximaflow methods for computational trajectory predictions of a store released from a bay”. AIAA Paper, 1997-2201,
1997.
16. Kegersie, Michael Aaron. An experimental investigation of flow induced cavity
oscillations. Ph.D. thesis, Syracuse University, 1999.
17. Kulite. Kulite Miniature 5 VDC Output Flatpack IS Pressure Transducer. Kulite
Semiconductor Products Incorporated. URL www.kulite.com.

150

18. Kummer, Gerald, Adam Gunnett, Micah Besson, Daniel Javorsek, and Terrance
Keithley. “F-22A Raptor GBU-39 Separation Test Results”. AIAA Atmospheric
Flight Mechanics Conference, 6668. 2011.
19. Lyons, George. “Load Cell Calibration and Pendulum Test”. Lafayette College,
2002.
20. PCB. ICP Accelerometer Model # 352C33. PCB Piezotronics. URL www.pcb.
com.
21. Robertson, Gregory, Rajan Kumar, Steven Doyle, Myles Baker, Kevin Roughen,
and Rudy A Johnson. “Acoustics of a Supersonic Cavity with a Generic Store”.
53rd AIAA Aerospace Sciences Meeting, 1292. 2015.
22. Rockwell, D. and E. Naudashcer. “Review - self-sustaining oscillations of flow
past cavities”. Journal of Fluids Engineering, 100(2):152–165, 1978.
23. Rossiter, J.E. Wind tunnel experiments on the flow over a rectangular cavities at
subsonic and transonic speeds. HM Stationary Office, 1964.
24. Sarno, R.L. and M.E. Franke. “Suppression of flow induced pressure oscillations
in cavities”. Journal of Aircraft, 31(1):90–96, 1994.
25. Sarohia, V. and P.F. Massier. “Control of cavity noise”. Journal of Aircraft,
14(9):833–837, 1977.
26. Shaw, Leonard, Rodney Clark, and Dick Talmadge. “F-111 generic weapons bay
acoustic environment”. Journal of Aircraft, 25(2):147–153, 1988.
27. Shaw, L.L. and S. McGrath. “Weapons bay acoustics - Passive or active control”.
AIAA Paper, 1617-CP, 1996.

151

28. Shaw, L.L. and D.L. Smith. Aeroacoustic Environment of a Store in an Aircraft
Weapons Bay. Technical report, DTIC Document, 1977.
29. Shaw, L.L., D.L. Smith, R.D. Talmadge, and D.E. Seely. Aero-acoustic environment of a rectangular cavity with a length-to-depth ratio of four. Technical report,
DTIC Document, 1974.
30. Stanek, Michael J., Ganesh Raman, Valdis Kibens, John A. Ross, Jessaji Odedra,
and James W. Peto. “Suppression of cavity resonance using high frequency forcing
- the characteristic signature of efective devices”. AIAA Paper, 2001-2128, 2001.
31. Sweetman, B. “Lockheed Reveals New Air-Launched Missile Concepts”. Aviation
Week & Space Technology, September 2013.
32. Tracy, M.B. and E.B. Plentovich. Cavity unsteady-pressure measurements at
subsonic and transonic speeds, volume 3669. NASA, Langley Research Center,
1997.
33. Ukeiley, Lawrence S., Michael K. Ponton, John M. Seiner, and Bernard Jansen.
“Suppresion of pressure loads in cavity flows”. AIAA Journal, 42(1):70–79, 2004.
34. USAF. USAF Series F-4E Aircraft Flight Manual. Technical report, TO 1F-4E,
1979.

152

Form Approved
OMB No. 0704–0188

REPORT DOCUMENTATION PAGE

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing
data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or
any other aspect of this collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate
for Information Operations and Reports (0704–0188), 1215 Jeﬀerson Davis Highway, Suite 1204, Arlington, VA 22202–4302. Respondents should be aware that
notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD–MM–YYYY)

2. REPORT TYPE

03-27-2016

Master’s Thesis

3. DATES COVERED (From — To)
Sept 2013 – Mar 2016

4. TITLE AND SUBTITLE

5a. CONTRACT NUMBER

Design and Flight Test of A Weapons-cavity Acoustics And
Separation Test Bed

5b. GRANT NUMBER
5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

5d. PROJECT NUMBER

Zachary Probst

5e. TASK NUMBER
5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Air Force Institute of Technology
Graduate School of
2950 Hobson Way
WPAFB OH 45433-7765
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

Department of Aeronautical Engineering
2950 Hobson Way
WPAFB OH 45433-7765
DSN 271-0690, COMM 937-255-3636
Email: zachary.probst@us.af.mil

8. PERFORMING ORGANIZATION REPORT
NUMBER
AFIT-ENY-MS-16-M-235

10. SPONSOR/MONITOR’S ACRONYM(S)
AFRL
11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

DISTRIBUTION STATEMENT A:
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.
13. SUPPLEMENTARY NOTES
14. ABSTRACT

This thesis presents the conceptual development, design, ground test, and ight test of the Weapons-cavity
Acoustics Store Separation Pod (WASSP). The WASSP was a modified SUU-41 pod (suspended utility unit)
instrumented to collect forces and accelerations on a scaled model missile as well as acoustic pressures and
qualitative flow field imaging from within a scaled weapons-cavity. This research was comprised of seven test
missions in the F-16 Fighting Falcon totaling 6.9 flight hours. All flight testing occurred at Edwards Air Force Base
from 8-15 September 2015. Data were recorded at 2000 Hz and test points were own at altitudes of 10,000,
15,000, 20,000, 25,000, and 29,000 feet pressure altitude and airspeeds of 0.60, 0.70, 0.80, 0.90, and 0.93 Mach.

15. SUBJECT TERMS

Weapons-cavity, acoustics, store separation, WASSP
16. SECURITY CLASSIFICATION OF:
a.
REPORT

b.
ABSTRACT

c. THIS
PAGE

U

U

U

17. LIMITATION
OF ABSTRACT

U

18. NUMBER
OF PAGES

173

19a. NAME OF RESPONSIBLE PERSON

Dr. Mark F. Reeder, AFIT/ENY
19b. TELEPHONE NUMBER (Include Area Code)
(937)

(937) 255-3636, x4530;
mark.reeder@afit.edu
Standard Form 298 (Rev. 8–98)
Prescribed by ANSI Std. Z39.18

